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Abstract
Research work was performed in cooperation with Delphi Automotive Systems to
optimize Particle Image Velocimetry (PIV) measurements using the in-cylinder velocity flow
fields in Delphi's optical engine. It entailed comprehending PIV theory, making a purchased
PIV system work on Delphi's optical engine, investigation ofPIV seeding techniques,
applying PIV to steady-state liquid and air flow fields, calibrating/validating the PIV system
operation, understanding the operation ofDelphi's optical engine, performing optical engine
velocity flow field measurements, comparing measurement results with Delphi's
computational fluid dynamic (CFD) model, and optimizing the measurement technique for
varying 2-D velocity flow fields.
All the mentioned targets of the thesis were met by comprehending PIV theory and
applying this knowledge to make the purchased PIV system work on a liquid flow field. Then
seeding techniques for air flow fields were investigated and honed so that PIV could be
performed on Delphi's optical engine. The optical engine was used extensively and the
operation fully understood before any PIV data was taken on the engine. PIV data was
acquired on the engine and the results were compared with CFD models. From this
experimentation on the engine, a new analysis technique was developed to optimize the
acquisition ofPIV data. The analysis technique is programmed in Labview and it provides
consistent data acquisition and savings in time. It also shows the possibility ofCFD
prediction and is extendable to PIV applications other than the optical engine.
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chapter 1 - Introduction
Working with Delphi Automotive Systems in Rochester, NY and through contacts Lee
Markle, and David Hung, research work was performed to optimize Particle Image
Velocimetry (PIV) measurements using the in-cylinder velocity flow fields in Delphi's
optical engine.
This thesis is a summary of the research work that David Chmiel performed in
cooperation with Delphi. It entailed comprehending PIV theory, determining how to make a
purchased PIV system from DANTEC Measurement Technology work on Delphi's optical
engine, investigating PIV seeding techniques, applying PIV to steady-state liquid and air
flow fields, calibrating/validating the PIV system operation, understanding the operation of
Delphi's optical engine, performing optical engine velocity flow fieldmeasurements,
comparing measurement results with Delphi's CFD model, and optimizing the measurement
technique for varying 2-D velocity flow fields.
The thesis is broken down into a number of chapters. The first few chapters are
background information about PIV, what other PIV experimentalists have done, and the
optical engine at Delphi. The seeding chapter gives excellent information on how seeding
particles were introduced into the optical engine which is a very important aspect to PIV. The
experimentation chapter gives the setup to all the experimentation as well as what was
accomplished. The analysis chapter gives the bulk of the information on the new technique
thatwas developed to determine what the best number ofPIV velocity vector maps are
needed to be averaged together for comparisons to CFD models. This technique is radical
and a step away from what
other experimentalists have done in the past. The final chapter
gives conclusions, recommendations
and what the future holds for the new analysis
technique. There is a large appendix that highlights a Labview based program to run the
analysis technique, positions of the images that were taken in the optical engine, case studies
for choosing limits for the analysis technique and other bits of information that would make
it easier for someone other than the author to repeat this research.
chapter 2 - Particle Image Velocimetry
Particle Image Velocimetry is ameasurement technique that is used to gather
instantaneous whole field velocities. Particles called seeding are introduced into a flow under
investigation and the distance that the particles travel is measured over a known time
interval. By knowing the time interval andmeasuring the distance, the velocity can be
calculated using equation 2-1.
Equation 2-1 speed =
distance
time
Depending on the type of flow, seeding particles are chosen to follow the flow. In
order to view the particle's movements, an area of the flow field is illuminated with a pulsed
laser. This pulse freezes the particles movements so that they can be recorded using a Charge
Coupled Device (CCD) camera which is positioned at a right angle to the illuminated area of






Figure 2-1 - PIV setup [7]
the pulses, the time in equation 2-1 is known. The CCD camera allows the first pulse to fall
on its first frame and the second pulse on its second frame. The camera frames or images are
divided up into rectangular interrogation areas. See figure 2-2. Each interrogation area is the
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Figure 2-2 - How camera image would be divided into interrogation areas [7]
same for both images and is correlated to produce an average particle displacement vector.
This gives the distance needed in equation 2-1 and since the time is already known, speed
can be calculated. This correlation is done for each interrogation area and the result is a
vector that shows speed and direction for each of the interrogation areas. Therefore the final
result is amap of raw velocity vectors.
The reason that the final result is amap of raw velocity vectors is the fact that, in
order to speed up calculations of the correlations, FFT-processing is used. With FFT-
processing there will always be an outcome no matter if there is ameaningful input. Hence,
the PIV raw velocity vector map must be validated so that erroneous vectors can be detected
and removed.
The main topics that emerge from PIV that are very important in obtaining an
accurate representation of the flow under study are seeding, illumination, image capture,
synchronization, correlation, and validation for further analysis. These topics will be covered
in more detail and the actual components that Delphi has purchased will be discussed.
Seeding the flow that will be measured is very important to PIV. The seeding
particles can be considered as actual velocity probes thatmust track the flow accurately, be
large enough to scatter sufficient light for a CCD camera to detect, be easily generated,
cheap, non-toxic, non-corrosive, non-abrasive, non-volatile, chemically inactive and clean.
This is a very large list ofdemands on a seeding material that all cannot always be met.
In general, for PIV measurements the seeding particles have diameters ranging from
0.1 to 50 urn. The choice in size depends on the flow velocity, turbulence and velocity
gradients. Ideally, the largest possible particle is desired to scatter the most light, but it must
be small enough to track the flow being measured. This is double standard that gets even
more complicatedwhen it becomes desired that the camera image of the seeding particles
should be at least 2 to 3 pixels in diameter. By following these criteria it becomes possible
for the PIV system to estimate particle positions and displacements to subpixel accuracy and
it increases the resolution of the technique. An enormous amount ofwork has been done in
this area to determine the optimum particle diameter for both air and water flows. See
references [7] and [8]. More information is given about the seeding chosen at Delphi to be
implemented on its optical engine later in this report.
Illumination of the flow under investigation can be done using a number ofmethods.
But for all the methods various criteria should be followed. First, the light intensity from the
illumination source should be high enough so that the intensity of the scattered light from the
seeding particles is such that the
CCD camera can record them above any noise in the
system. The duration of the light pulse should be short enough so that the particles do not
move significantly during the light exposure. The time between successive light pulses
should be short enough so that the flow field does not change significantly. Lastly, the plane
that the system is illuminating in the flow should be well defined and the system should be
easy to set up, locate, and orientate.
Delphi has chosen to use a common PIV illumination system purchased from Dantec
Measurement Technology and made by NewWave Research Inc., consisting of two




Figure 2-3 - MiniLase Nd:YAG Lasers (laser head shown, power supplies in cabinet)
lasers that make up the PIV illumination system emit
infra-red radiation at a wavelength of
1064 nm but the wavelength is frequency doubled by a harmonic generator so a wavelength
of 532 nm is emitted. Each laser has an output energy of approximately 30 mJ. The MiniLase
uses traditional flash lamp pumping to drive the laser. The lamp is filled with Xenon at one
atmosphere and when pulsed with electrical energy, emits lightwhich pumps the Nd:YAG
laser rod. The YAG rod stores the optical energy, which is from the Neodymium atoms that
get excited to an electronic state called the lasing level. The YAG rod is allowed to charge up
by a process known as Q-switching. A
Q-switch allows excited atoms to build up to a large
number in the rod and then it can instantaneously be opened to allow the stored energy to be
emitted in a short intense pulse. See figure 2-4.
150-200|js
Figure 2-4 -Process ofQ-Switching the YAG rod [7]
If only one MiniLase was used, the short intense pulse could only be repeated at a
frequency of 10 Hz. This would mean that the minimum time between PIV images would be
100 ms and not very useful for most PIV applications. To overcome this problem, a
double-
cavity laser dedicated to PIV is used. This is why Delphi has purchased two MiniLase
Nd:YAG lasers that are combined into a double-cavity called the PIV laser head. See figure





Figure 2-5 - MiniLase PIV Laser Head drawing [9]
compromising the energy of the
pulse and therefore making the limiting factor for minimum
time between PIV images a result of the CCD camera chosen.
To capture images for PIV processing a camera is placed at a right angle to the laser
light sheet. Seeding particles are introduced to the
flow under study and scatter light when
the lasers are pulsed. When the first laser is pulsed, seeding particles scatter light that is
captured by the camera and the initial positions of the particles are recorded. Ideally the
seeding particles show up as bright spots on a dark background. The camera frame is
advanced and the second pulse of the light-sheet is fired so the final positions of the seeding
particles are recorded. Since most cameras with mechanical or electric film frame advance
cannot achieve ps time periods between frames, a CCD camera is used.
A CCD camera is made up of an array of detectors called pixels. Each pixel is a
capacitor that can convert incident photons of light into electrons. Thus, light falling on a
pixel is converted to an electronic charge. The electronic charge or voltage is read out of the
CCD chip and depending on the value of the voltage, seen as a grey scale distribution on the
PIV image. High values appear as white and low appear as dark. A key feature of the CCD
camera is that the first laser pulse is timed so that the first image is exposed to the light-
sensitive cells and then immediately transferred to storage cells after the laser pulse finishes.
Then the second laser pulse exposes the light-sensitive cells to the second image. The two
images can then be transferred out to be processed through the cameras video outputs. See





Figure 2-6 - Setup ofCCD camera light sensitive pixels and storage cells [7]
frames decreases dramatically and allows for the desired ps range.
The CCD camera that was purchased by Delphi to obtain the PIV images is the
Doublelmage 700 Camera. See figure 2-7. It has a progressive scan interline CCD chip that
218 82-105 076.5
Figure 2-7 - Drawing ofDoublelmage 700 Camera [10]
contains 768 by 484 light sensitive cells and another set of storage cells of the same size.
This camera can be used for both auto-correlation and cross-correlation and double or single
frame modes. With auto-correlation both laser pulses are exposed to a single frame while in
cross-correlation the two laser pulses fall on different frames. Cross-correlation has an
advantage over auto-correlation since two different frames are taken and it is knownwhich
frame was taken first. This allows for an accurate determination of the direction that the
particles are taking. For the optical engine, the camera is set up in double frame mode for
cross-correlation. The minimum and maximum time intervals possible between two PIV
images is 2 ps and 66 ms, respectively. The camera is used in conjunction with a processor
which synchronizes the two NdYAG lasers, camera and an external trigger event. It can also
be used in a free run mode with no external trigger. There is a delay of 50.7 ms between the
internal trigger (generated to initiate laser and camera timing sequences) and the acquisition
of the PIV images. Both images are read out through the output shift register. There is a
maximum PIV repetition rate of 7.5 Hz due to the time required to: read out the images, the
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17.3 ms 50.7 ms 100 ms 133.4 ms
Figure 2-8 - Doublelmage 700 camera timing sequence [10]
In order to synchronize the camera, lasers and possible external triggers, a processor
was purchased from Dantec Measurement Technology as part of the
FlowMap
Particle
Image Velocimetry Instrumentation system. This system consists of a PIV 2000 Processor
that does both synchronization and correlation of the images captured by the CCD camera,
the Doublelmage 700 Camera as described above, and FlowManager software that gives a
graphical user interface to the users and does the further validation ofraw vector maps.
The PIV 2000 processor is a dedicated vector processing unit. Its purpose is to














Figure 2-9 - PIV 2000 Processor processing sequence [7]
begins by importing an image map and, ifnecessary, applying a data window to improve the
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signal-to-noise (S/N) ratio. Since FFT techniques are used to evaluate the correlation plane,
noise is produced and this can be reduced with data windowing. The correlation plane is
determined by FFT processing based on a number ofuser specified options, such as auto or
cross-correlation and the interrogation area sizes. Filtering is done, if specified, to aid in
improving the S/N ratio of the correlation and the correlation plane is scanned to find the two
highest/signal peaks for cross-correlation. This is called multiple peak detection. An
interpolation routine is then used to determine the position of the signal peaks to subpixel
resolution.
To obtain almost real-time vector processing, an input buffer is part of the processor.
It simultaneously reads image maps from the CCD camera, stores them in memory and either
divides stored maps into their respective interrogation units and sends these to the correlator
unit, or it sends the image maps to the PC.
In order to synchronize the entire PIV data acquisition process a synchronization unit
is incorporated in the processor. This unit provides the physical connections necessary





















Figure 2-10 - PIV 2000 Processor synchronization [7]
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At this point the correlation process occurring in the PIV 2000 processor will be
looked at in more detail in order to gain a better understanding ofwhat the "black
box"
processor does. The correlation part ofPIV can be considered the first step in obtaining a raw
velocity vector map from captured images. A coordinate system with the XY-plane
coinciding with the illuminated area such that the origin of the plane, (0,0), is located in the
bottom left-hand pixel of the camera image. This obviously depends on the orientation of the











x, i, k, m
Figure 2-11 - Co-ordinate system for PIV correlation [7]
on the scale factor S. The symbols (i,j), (k,l) and (m,n) are used to describe the image
coordinates in pixels.
Once the two PIV images are acquired, they are broken down into the interrogation
areas. Within each interrogation area, if a flow is present, an average spatial shift of seeding
particles can be observed from one image to the next. This spatial shift can be described by a
linear digital signal processing model shown in
figure 2-12. The functions f(m,n) and g(m,n)
describe the light intensity in the interrogation area at time t and
t + At respectively. The
function g(m,n) can be considered the
output of an image transfer function s(m,n), which has
12
Input Image transfer Additive noise Output
image function process image










Figure 2-12 - Linear digital signal processing model describing spatial shift [7]
an input f(m,n), and the addition of a noise function d(m,n). The noise function d(m,n) is a
result of the seeding particles moving out of the interrogation area between the two images.
The function s(m,n) is directly related to the flow and time between recordings. Note that the
capitalized functions are the Fourier transforms of the lower case functions. The coordinates
in the spatial frequency domain are (u,v).
The major task that must be undertaken by PIV is the estimation of the function
s(m,n), knowing f(m,n) and g(m,n). Noise complicates matters and so the method chosen to
estimate the displacement function s(m,n) is the statistical technique of spatial
cross-
correlation. The discrete cross-correlation function (j>fg(m,n) of the sampled regions f(m,n)
and g(m,n) is given by equation 2-2.
K=CO 1=00
Equation 2-2 <t>fg (m, n)
= E[f(m, n), g(m, n)]
= f(k, 1) g(k +m, 1 + n)
k oo l oo
k=-w l=-co
A cross-correlation value that is high is a result ofmany particles matching up with
their spatially shifted partners. This is known as true correlations. Random correlations will
occur when particles match up with other particles and the result will be a low
cross-
correlation value. Seeding particles that leave or enter the interrogation area between the first
and second images will contribute to random correlations and decrease the S/N ratio.
However, if the number ofmatching particle pairs is sufficiently large the highest correlation
peak can be considered the bestmatch between the functions f(m,n) and g(m,n). The position
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of this peak in the correlation plane corresponds to the average particle displacement within
the interrogation being analyzed.
To efficiently compute the correlation plane, Fast Fourier Transforms (FFTs) are
used, so that rather than performing a sum over all the elements of the sampled region,
complex conjugate multiplication of each corresponding pair ofFourier coefficients is the
only operation necessary. The new set of coefficients are then inversely transformed to obtain
<j)fg(m,n). See figure 2-13.




































Figure 2-13 - PIV 2000 Processor numerical calculation process [7]
After the inverse FFT is carried out, the entire correlation plane is
scanned to find the
four highest peaks. For each peak, a 2-D curve-fit is used to
interpolate the width, height, and
position of the peak. The interpolated widths, heights
and positions of the two largest peaks
are collected to be used for peak validation. The
highest peak is assumed to represent the
14
average particle displacement in the interrogation area and the lower peak is assumed to
represent noise. The detectability criterion is basically ameasure of the S/N ratio and can be
used to validate the correlation, see equation 2-3. Keane and Adrian [1992] recommend that
j, .. * Highest peak
Equation 2-3 5 K > ^
2nd Highest peak
a value of 1 .2 should be used for k as the cutoffpoint between a good and bad correlation
based on their work [11].
Now when S/N ratio is mentioned for PIV, it is based on the number of vectors
pointing in the same direction. True correlations pointing in the same direction represent the
signal and random correlations pointing in the same direction represent the noise. This can be
seen in figure 2-14 where the left image shows two true correlations (represented as solid
S/N=2/1 S/N=1/1 S/N=1/1
Figure 2-14 - Good and bad correlations [7]
lines) pointing in the same direction and two random correlations (represented as dashed
lines) pointing in different directions. So the S/N ratio is 2: 1 .
Note that the solid dots
represent the seeding particles
locations when the first image was taken and the circles
represent the particles when the second image was taken. The left image represents an ideal
case where it would be possible to determine the correct velocity vector. The middle image
and right image show S/N ratios of 1 : 1 where one of the seeding particles enters or leaves the
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interrogation area between the first and second image and therefore it is not possible to
determine the correct velocity vector.
Therefore, in order to maintain a high S/N ratio it is recommended that 5
particles/interrogation area be maintained. To keep most of the seeding particles from
entering and leaving the interrogation area between images, the particles maximum
displacements should be around % of the side of the interrogation area. Nyquist sampling
criterion that is associated with discrete Fourier transforms, limits the spatial displacement in
any direction to half the interrogation area size. But since the S/N ratio decreases with
increasing displacement the particles maximum displacements are chosen to be XA the side of
the interrogation area [7].
There are a few other requirements that come into play to insure good correlations.
One requirement comes from the Nyquist sampling criteria and requires that the seeding
particles should have a diameter of at least 2 pixels. In order to accomplish this with small
seeding particles, the camera can be slightly defocused. Peak widths are recommended to fall
within 3-6 pixels and if there are problems achieving this, filter functions can be used prior to
peak detection to slightly broaden the correlation peaks [7].
In general, to obtain a good S/N ratio for the correlation of an interrogation area the
flow in the area should be homogeneous. This implies that the smallest spatial scales that
need to be resolved in a flow should be much larger than an interrogation area. Thus the
interrogation area should be as small as possible while maintaining 5 particles/interrogation
area. On the other hand, to maintain high measurement accuracy the maximum particle
displacement between images should be % of the size of the interrogation area. For
cross-
correlation the minimum measurable particle displacement is around 1 pixel. So for a 32 by
16
32 interrogation area, the maximum particle displacement should be 8 pixels. This implies
that the interrogation area should be as large as possible to get a large dynamic range,
contradicting the previous statement that the interrogation area should be as small as
possible. In order to compromise between velocity dynamic range and spatial resolution it is
recommended that an interrogation area of 32 by 32 pixels be used [7].
To improve the correlation accuracy, window functions and overlapping interrogation
areas can be used. When the correlations are calculated using FFTs, phantom particles and
phantom correlations produce cyclic noise in the correlation plane reducing the S/N ratio. To
reduce this effect, window functions can be applied to manipulate the camera image grey
scale values and thus act like a filter before the images go through the FFT algorithm. The
window functions allow particles near the edge of the interrogation areas to be suppressed
because these are normally the ones that cause phantom correlations. The only requirement
with the window functions is that because they effectively reduce the interrogation area, there
must be 5 particles/window area now instead of 5 particles/interrogation area. It is therefore
suggested that an interrogation area of 64 by 64 be used and overlapping of interrogation
areas be used [7].
For the same reason as given to use window functions, it is recommended that the
interrogation areas be overlapped. By overlapping interrogation areas, if a particle leaves or
enters an interrogation area it is very likely that by introducing some overlap into the
neighboring interrogation areas, that the particle can be paired up
for good correlation. By
using overlap, more vectors are produced
which can be considered an over sampling of the
flow field. It is therefore recommended that an overlap of 25% be used [7].
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The PIV 2000 processor, CCD camera andNd:YAG illumination system are useless
without the FlowMap software known as FlowManager. This software provides the user with
a means of controlling every aspect ofboth the CCD camera and the illumination system. It
allows the user to establish the relationship between the real world coordinates and the local
camera CCD coordinates. All of the processor options such as interrogation areas, size of
camera image to use, types ofwindows and filters to use, type of correlation to use, time
between PIV images, type of data acquisition (whether it be a sequence of recordings or just
one recording) and how the PIV data acquisition should begin are just some of the things that
the software handles. Not only does the software handle the enormous amount ofvariables
that can be changed depending on the experiments to be run, it also catalogs all of the data
acquisitions images, vectormaps and post processing results in a large database. The
software has many options for post processing the raw vectormaps to make the entire
process quick and efficient. The vector maps can also be exported for further analysis as
ASCII values to text files. The FlowManager software does the job ofbringing all of the
parts of the Dantec PIV system together in a relatively easy to use user interface.
Since PIV is an instantaneous measurement technique and FFT processing is used
there is always an outcome when a PIV experiment is run, whether the input is meaningful or
not. Therefore the raw vector maps that are produced must be validated using logical
mathematical algorithms in the FlowManager software. The validationmethods that can be
used are peak validation, range validation andmoving average.
The peak validation uses the highest and second highest peaks that are reported to the
computer from the processor correlation of two PIV images. So two peaks are reported for
every vector in a raw vector
map. Each vector is looked at individually and if the S/N ratio
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for the highest peak (the signal) compared to the second highest peak (the noise) is lower
than a user specified minimum then the vector is rejected. Otherwise it passes validation.
This validation method uses equation 2-3 and as mentioned previously, it is suggested that
1 .2 is a good minimum value to use.
The range validation method works on the assumption that inmost cases it will be
known what range ofvelocities in a flow are expected. Based on this, vectors that are outside
the range can be rejected. The method can be used to validate the vectors length, x-
component, and y-component.
The moving average validation validates, rejects and can substitute rejected vectors
based on surrounding vectors. Each vector is evaluated in a raw vector map and based on a
desired area around the vector, an average vector is determined. The norm of the average
vector minus the vector being validated is calculated and if the result is above a desired k, the
vector passes validation. See equation 2-4.




If the result is below, the vector is rejected and can be replaced by the average
vector. It is recommended that an area of 3x3 or 5x5, a k between 0.01 and 0.1, and between
1 to 5 iterations of this method be used to obtain valid results [7].
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chapter 3 - Literature Review
A number of important literature papers that are relevant to this thesis are reviewed
on the following pages. Each paper's pertinent information is briefly mentioned in a quick
synopsis and any further information can be found by looking up the paper using the
reference.
"Investigation of the Transient In-Cylinder Flow Inside a Two Stroke Enginewith
Particle-Image-Velocimetry" [20]
The transient gas motion of a 64
cm3
two-stroke engine with an optically accessible
cylinder was investigated using Particle Image Velocimetry. Observed through Storz
endoscopic optics. The endoscope had a diameter of 6.5 mm and the field ofview of the
wide-angle lens covered 67. To reduce reflections, a carbon based coating consisting of a
metal containing carbon (diamond-like carbon, Me-DLC) was used. A Physical
Vapor
Deposition (PVD) technique that has ion-assisted evaporation (DC-magnetron sputtering)
was used to apply the film. The lasers used were
NdYAG providing light at 532 nm,
energies up to 320 mJ, a pulse
duration of 5 ns, a repetition rate of 10 Hz and aminimum
pulse separation of 1 ps. The camera used was a Dantec Doublelmage 700 double
frame 8-
bit gray scale CCD camera
with spatial resolution of 768 by 484 pixels. A cross-correlation
examination area was set to 64x64 with a 75% overlap between neighboring
regions. Peak
and range validations were applied to each
cross-correlation and amoving average was used
to smooth the data. For seeding, atomized oils were fed
into the intake with unsatisfactory
results and therefore small spherical plastic
particles with diameters of20 to 40 urn and a
density of20
kg/m3
were used. The disadvantage to this is that the engine had to run without
lubrication so the particles would not agglomerate. The
engine could run for several hours
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but the piston had to be exchanged after every measurement cycle. Fifty cycles were
recorded and averaged for the horizontal plane and one hundred measurements were made
for the vertical plane. Not much is said about why this is done except that the hundred were
taken to provide a better basis for a statistical analysis. Other points of interest are that
nothing is said about the camera delay time, what the exact time is used to obtain PIV images
and what is meant by there statistical analysis of the fifty to one hundred cycles.




PIV was used to measure the cycle to cycle variability of large-scale flow structures
at top dead center (TDC) in amotored, two-valve, four-stroke engine.
Over 200
measurements were made for both a highly directed flow and a relatively undirected flow
where the difference was a shrouded or standard valve respectively. The
transparent-
combustion-chamber engine has a 92 mm bore, 86 mm stroke, 12.5 mm of clearance at TDC,
and a resulting compression
ratio of 8:1. The engine was operated at 1200 rev/min and 40
kPaMAP. The intake air was seeded with silicone-oil droplets and could only be
run for 5
minutes before it was necessary to clean the optical
windows. This paper demonstrated that
small cycle-sample size can result in extreme statistical bias in
the ensemble-mean. A case
was shown where 20 cycles were taken. From these, two
10 cycle ensemble-mean flow fields
and one 20 cycle ensemble-mean flow field were
calculated. One of the 10 cycle ensemble-
mean flow fields appeared just like the 20 cycle
ensemble-mean flow field, while the other
10 cycle ensemble-mean flow field looked very
much different in one part of the flow field
than the 20 cycle. Upon further inspection of
the 10 cycle that looked different, it was found
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that two of the ten cycles had strong, large-scale structures in their flow fields which ended
up dominating the ensemble mean.
"Particle Image VelocimetryMeasurments in a High Tumble Engine for In-Cylinder
Flow Structure Analysis" [21]
A four-valve, four stroke transparent single-cylinder research engine is used to
investigate tumble flow pattern using PIV. The purpose of the work is to provide a sufficient
number ofvelocity measurements in the research engine to increase knowledge of tumble
structure and cycle to cycle variations. The engine has an 88 mm bore, 82 mm stroke, a
pentroof combustion chamber, and a 9.2 nominal compression ratio. For the PIV setup, a
double pulse YAG laser with output energy of 150 mJ at 532 nm with a pulse duration of20
ns was used. The flow was seeded with 2-3 pm diameter silicone oil droplets that were
generated in an atomizer by passing air at 1.5 bar gauge pressure through a bath of silicone
oil. A CCD camera set with an aperture ratio of 2.8 was used to capture the images and it
could lower its time interval between successive images to 4 ps. The CCD chip had a field of
768X512 pixels with gray levels. Processing of the PIV images was done using an in-house
algorithm and the sampling window had a size of 32 by 32 pixels with 50% overlap. Velocity
fields were obtained by averaging 50 cycle velocity fields because averaged values showed
good convergence for 40 cycles.
"A Study of the CycIe-to-Cycle Variation of In-Cylinder Flow in aMotored Engine
Through Digital Image Processing ofVisualized
Images"
[19]
An experimental study was done to investigate the cyclic variation of the airmotion
in a cup-in-piston combustion chamber motored engine. A quartz liner and transparent plastic
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piston were used to allow for PIV measurements. The engine has a bore and stroke of 82 and
78 mm respectively and a compression ratio of 13.5. The engine was motored at a constant
speed of 500 rpm and the intake air was seeded with Expancel 09 IDE particles. These
particles have a 70 pm mean diameter, mean density of 0.025 g/cm3, and are estimated to
follow flow fluctuations below 100 Hz. To capture PIV images a 4 watt argon ion laser with
a continuous wave beam and a laser sheet thickness of 8 mm was used along with aNAC
E-
10 high speed 8 bit camera with 512 by 512 pixels. This paper compared cycle-resolved and
ensemble-averaged flow patterns. What was found is that the ensemble-averaged flow
patterns may become artificial if there exists large cyclic variations in the flow. The
ensemble-averaged flow patterns consisted of25 cycles averaged together and there is no
real explanation as to why this number is chosen to represent the average flow. It is explained
that by examining the rms of the variation component (this is obtained by subtracting the
ensemble-averaged vectors from cycle-resolved vectors) and by dividing this by the
ensemble-averaged velocity, the effect of cyclic variation on flow fields can be seen.
"Investigations ofFlows in Rotating Machinery Using Particle Image
Velocimetry"
[12]
Two experiments were performed to investigate flow dynamics of a swirling flow
field from a rotating fan. PIV was used to
capture the flow fields and ensemble averages of
the flow fields were calculated to obtain good representation of the flow field. The PIV
system used consisted of a TSI PowerView PIV system, a
PIVCAM 10-30 camera with 1008
by 1018 pixels, and a Continuum dual
Nd:YAG laser with 15 Hz pulse frequency and 70 mJ
per pulse energy level. The swirling
flow field was seeded withwater droplets provided by a
six-jet atomizer. At each location 50 vectormaps
were calculated from the captured images
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and assembled into the ensemble average vectormap, which gives the mean and standard
deviation of the vector in each region.
"Particle Image VelocimetryMeasurements in a High-Swirl Engine Used for
Evaluation ofComputational Fluid Dynamics Calculations" [16]
Flow fields were investigated using PIV in the head of a pancake-shaped combustion
chamber on a high-swirl engine. The engine has a 92 and 86 mm bore and stroke respectively
and optical access is provided through a quartz ring, which forms the top
25 mm of the cylinder, and a 70 mm diameter quartz window in the piston. The intake air is
seeded with approximately 0.5 pm diameter silicone oil droplets. PIV velocity measurements
are taken and ensemble mean flow fields are calculated from 20 to 30 cycles. The sample
size was increased from 30 to 60 and since the shape of the measured turbulence distribution
did not change substantially it was qualitatively deemed acceptable to use 30 cycles for the
ensemble mean flow. When the measured and computed (CFD) flow fields were compared it
could be shown that the CFD code reasonably predicted the measured flow fields.
"Two-Color Particle Image Velocimetry in an Engine With
Combustion"
[13]
Two-color PIV is used on a single cylinder, cup-in-head two-stroke research engine
to study complex, recirculating flows. The engine has a bore and stroke of 82.6 and 1 14.3
mm respectively. The compression ratio is 10.8 and a quartz ring with thickness of 30.8 mm
is used to view the flows. The engine was motored at 1200 RPM and the flow was seeded
with boron nitride particles of 0.3 - 0.7 pm diameter using a cyclone seeder. Two Nd:YAG
lasers were operated at wavelengths of 532 nm and 650 nm. The laser sheet thickness was
70070 pm and the average laser pulse powers were 40 mJ/pulse at 532 nm and 36 mJ/pulse
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at 650 nm. To capture the PIV images, aNikon N2000 35mm camera was used. For the
results, different amounts of realizations were taken for motored and fired PIV data
acquisition. All of these realizations were ensembled into an average velocity field. For the
motored PIV data, 169 realizations were taken and averaged while 72 realizations were taken
for the fired condition. It is claimed that at these amounts of realizations, there was good
convergence of the tangential and radial components. To verify this, the standard deviation or
rms of the velocity vectors on the center-line of the flow field were inspected and it was
stated that in order to make meaningful comparisons of the fluctuation intensities it is
necessary to average over a large number ofPIV realizations.
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chapter 4 - Optical Engine
Delphi's optical engine can be used to study the air flowmotion, fuel spray from a
direct injection gasoline fuel injector and combustion in the cylinder during firing conditions.
Currently, the main focus of experiments on the engine involve studying the in-cylinder air
flowmotion with PIV and the fuel spray from a direct injection gasoline fuel injector using a
copper vapor laser and a CCD camera.
The optical engine was made by Ricardo and is a four-stroke single cylinder engine
with a bore and stroke of 86 mm. See figure 4-1. It contains two pistons, a lower piston and
Figure 4-1 - Optical Engine: Photo (left), Drawing (right) [6]
an extension piston that is connected to the lower piston. The
engine is driven by a 10 hp
electric motor that is connected to the crankshaft through a
belt-driven drive shaft and can
motor the engine from 200 to 1300 RPM. To prevent vibrations,
two balance shafts in the
base of the engine are used, which rotate in opposite
directions to achieve balance when the
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engine is being motored. The engine can be fitted with different heads for experimentation.
Currently, direct injection spark ignition heads are being studied.
The reason that the engine has two pistons is that the extension piston allows a view
of the swirl plane during motoring conditions. This piston contains a quartz glass window in







bore = 86 mm
Figure 4-2 - Top of extension piston (white area is the quartz glass window) [6]
extension area in which a stationary mirror is mounted at a
45
angle to the engine block.
This enables the piston to move freely throughout its stroke without touching the mirror and
it allows the swirl plane to be observed during motoring. The extension piston is sealed to the
Extension
Piston
Figure 4-3 - Engine section drawing to view extension piston and mirror location [6]
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cylinder wall using two impregnated Teflon rings that are mounted low on the piston crown.
See figure 4-3. A rider-piston ring is also located below the two Teflon rings to help keep the
piston located in the cylinder. By mounting the rings lower on the piston crown, friction can
be avoided on the optical engine's other optical access window.
The other optical access window thatmakes up the optical engine is a cylinder ring
thatmakes up the last 20 mm of the engine's cylinder before a head is mounted to it. See
figure 4-4. This window allows for the study of events that are occurring in the cylinder in
thickness =11.73 mm




Figure 4-4 - Cylinder quartz optical window [6]
the tumble plane. As mentioned previously, the piston rings are purposely mounted lower on
the piston crown to avoid any contact with this window.
Both the cylinder ring and window in the piston are made of fused silica, more
commonly known as quartz glass. This material has a very low thermal expansion coefficient
(a =
5.7xl0"6
C _1) that avoids breaks due to thermal expansion. It can withstand and
transmit high energy laser pulses and with an index
of refraction of 1.46, it keeps a laser
beam that is perpendicular to the glass in its same axis after it passes through the glass. It also
has good mechanical properties that can resist shocks and it has a compressive strength of
1110 MPa.
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The optical engine is kept lubricated and cooled using both an oil and coolant pump.
The coolant pump distributes amixture of 50% water and 50% coolant liquid to the optical
engine cylinder wall to keep it cool. The oil pump is used to lubricate both the head that is
attached to the engine and the lower piston/crankcase of the optical engine. Both the coolant
and oil pumps are tied to heat exchangers that use a large reservoir ofwater to maintain a
desired oil and coolant temperature.
Once a head is chosen to be studied on the optical engine it must undergo a tedious
process of attaching the quartz cylinder window and sealing all crevices that could possibly
leak oil during operation. It is ofutmost importance that the cylinder head not leak any oil
into the combustion chamber because the quartz windows will become coated and a complete
cleaning of the engine must commence. The camshafts in the head must also be timed
accordingly with the crankshaft of the optical engine so that the intake and exhaust valves
open and close at the correct moments in the engine cycle. The timing is done using a timing
belt that connects the crankshaft with the intake and exhaust cams through a series ofbelt
sprockets and a belt tensioner. See figure 4-1. Since the cam sprockets are twice the diameter
of the crankshaft sprocket, every two revolutions of the crankshaft causes the cam sprockets
to spin only once resulting in the correct
timing. This of course does not include the internal
timing of each camshaft that must be checked to make
sure that the intake and exhaust valves
are opening and closing at the
correct crank angles.
The optical engine as described is fairly useless unless you can indicate to the
measurement equipment where the optical engine is in its cycle, what the rpm is, what the
manifold air pressure (MAP) is, what the cylinder pressure is and when the fuel injector
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should be fired. To make the engine an accurate and effective tool, a few sensors and a
program are needed to make sense ofwhat is happening with the optical engine.
One of the most important sensors is a Kistler type 2612 optical encoder. This
encoder is mounted on the engine's crankshaft. Internal to the sensor is a disc that contains
360 slits for each crank angle on the outer ring and 1 slit on the inner ring which represents a
trigger mark for a new revolution. Optics consisting of an infrared LED and phototransistor
are focused on the disc to detect the slits as they pass. This sensor needs a 5V power supply
and it outputs two signals. The first signal is called the 360 PPR and it gives a square wave
for each crank angle. The second signal is called the 1 PPR and this is also a square wave that
occurs once every 360 degrees.
Since a 4-cycle engine requires that the crankshaft rotate twice to complete an intake,
compression, expansion, and exhaust cycle, the Kistler sensor cannot tell what
part of the
cycle the engine is in. To fix this problem another encoder is placed on one of the intake or
exhaust camshafts and is called the cam sensor. This encoder consists of a disk that has a
slice cut out of its outside edge. A magnetic sensor is mounted so that a square wave pulse is
sent out every time the slice in the disc
passes the sensor. This square wave will be referred
to as the 1PPC. Therefore, between the Kistler sensor and the cam sensor it is possible to
determine to a degree where the optical engine is within its cycle.
The three signals, 1PPC, 1PPR and 360 PPR are sent to the
PCESC (Personal
Computer Engine Setpoint Controller) system. This system checks for errors and allows
for
consistent delays in the three signals. It reports the engine rpm
and outputs signals for the
PIV system, copper vapor laser, CCD camera
and for a fuel injector driver box. All of the
output signals can be adjusted to one degree accuracy,
have their duration adjusted and be
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triggered on end or beginning of injection. See figure 4-5. Since the Kistler sensor is set up
End of Injection Beginning of Injection
180 180
Figure 4-5 - Comparison of Injection Timing
so that the 1PPR signal occurs about 30 degrees before the optical engines true top dead
center (TDC), it needs to be fine tuned on the PCESC using the software's delays. But in
order to fine tune the 1PPR delay in the software, the pressure in the cylinder is needed. It is
known that the peak pressure in the cylinder occurs about 0.5 degree before TDC of the
compression stroke. Therefore, if a pressure signal and the 1PPR signal that are adjusted by
the PCESC software can be viewed on an oscilloscope, the 1PPR delay can be adjusted until
the 1PPR signal lines up with the pressure peak. See figure 4-6. This would indicate 0.5
1PPR Pressure Trace
1PPR before adjusting delay 1PPR after adjusting delay
Figure 4-6 - 1PPR Delay Adjustment
degree before TDC of the compression stroke and consequently fine tune the PCESC
software. In general, it is desired to have the delay less than
50
because if it is more, the
encoder should be physically rotated to help obtain this figure.
In order to measure the cylinder pressure, a Kistler pressure transducer is inserted in
the cylinder head under investigation. The transducer is attached to a charge amplifier that
allows the sensitivity of the sensor to
be dialed in. The output of the charge amplifier is a
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signal in kPa/Volt that can be sent to an oscilloscope. This output however does not give an
absolute pressure and aMAP sensor is needed. It is enough to fine tune the PCESC software
though.
The MAP sensor is attached to the plenum on the optical engine. It outputs a voltage
that can be converted to pressure based on its sensitivity. To obtain the absolute pressure in
the cylinder, the MAP sensor voltage is read at BDC of the intake stroke and converted to
pressure. This pressure is referred to as the reference pressure. Then the change in voltage is
read on the pressure signal from BDC of the intake stroke to the peak of the signal, converted
to pressure and added to the reference pressure. This gives an estimate of the absolute
pressure in the cylinder.
Once the 1PPR delay is fine tuned, the 1PPC delay must be adjusted to assure that the
PCESC knows what part of the cycle the engine is in. According to the directions with the
software, it is recommended that the 1PPC signal occur approximately
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before TDC of the
intake stroke. If this does not occur, the output signals for the fuel injector driver box, PIV,
etc. will occur randomly throughout the engine cycle. To adjust the 1PPC signal, the 1PPC
delay is adjusted until the output signals occur in the correct cycle. Since the PCESC system
does not output the adjusted 1PPC signal, this is determined by observing the pressure trace
and the fuel injector driver box signal. By setting the fuel injector driver box signal to
360
in
the software, the signal should fall directly on the peak of the pressure signal. If this does not
occur, the 1PPC delay should be adjusted until it does. See figure 4-7. This of course is based
on an engine cycle where
0
represents TDC of the intake stroke,
360











Before adjusting 1PPC delay After adjusting 1PPC delay
Figure 4-7 - 1PPC Delay Adjustment
Ifboth the 1PPR and 1PPC delays are set up as described, the PCESC is ready to
output signals to the measurement equipment. In the software either Aux 1 and 2 or Aux 3
and 4 can be used to trigger the PIV system. To send an output signal, both Aux values must
be set to the same degree and duration to send out a signal. To interrupt the signal for any
reason, one of the Aux values must be changed to a different degree. This in a sense is an
on/offbutton for outputting a signal. Keep both Aux values the same and a signal is sent out,
change one of the values and no signal is sent.
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chapter 5 - Seeding
Seeding the intake air to the optical engine was one of the most challenging tasks that
had to be undertaken in order to perform PIV on the engine. Many questions arose such as:
What type of seeding should be used? How would this seeding material be aerated or
produced? How could the seeding be introduced to the optical engine? How could the ratio of
seeding to clean intake air be controlled? What effects does the seeding
have on the engine
optical components? These questions and others were explored on the path to PIV
experimentation on the optical engine.
To answer some of these questions it was suggested to try and make an existing
seeding generator work.
The seeding generator was a TSI Model
9306 6-Jet Atomizer. See
Figure 5-1. This generator has a built-in pressure regulator, pressure gage,
self-contained
Figure 5-1 - TSI 6-JetAtomizer [5]
dilution system and the ability to use one to
six particle-generating
atomizer jets. It also has
the ability to
introduce particles into a pressurized system.
The result is a very flexible
generator that controls particle
concentration and particle output
over a broad range.
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The 6-Jet Atomizer generates particles from almost any liquid and can even produce
solid particles from solutions or suspensions. Its operating principle is fairly simple. See
figure 5-2. Pressurized air forms a high-velocity jet through a 0.381 mm diameter orifice.
6 aerosol outlet tut>e
Figure 5-2 - TSI 6-Jet Atomizer operation [5]
The pressure drop from the jet causes the atomizer liquid to
be drawn up through the liquid
tube and consequently broken up into
droplets by the jet. Large droplets impinge on the
spherical impactor while smaller droplets make no contact
and form an aerosol that exits out
the aerosol outlet tube. As the aerosol leaves the
generator through the outlet tube it can also
be diluted to vary the output
concentration
Operation of the generator is fairly simple and involves just a few
steps. The liquid to
be atomized is poured into the reservoir
through a filler cap so that the reservoir is no more
than half full (insuring that the atomizing
jets are not covered). This can be determined by
looking at the level of the liquid
through a glass gage located on the front of the generator.
The generatormust be hooked up to clean shop
air and then the operator can adjust the
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regulator valve, dilution air valve and the number ofjets being used to get the optimum
amount of seeding in the flow under study.
In answering the question ofhow a seeding material should be produced, the question
ofwhat type of seeding should be used arose. There are many factors involved in picking
seeding for PIV. The particles must scatter sufficient light so that the PIV camera can detect
them, but should follow the flow under investigation. These two ideas contradict each other
because in order to have particles following highly turbulent flows they must be small. But as
the particle size decreases its light scattering ability also decreases and the cameramay not
be able to pick up the light the particles are scattering. So a compromise must be made
between decreasing the particle size to improve the tracking of the flow and increasing the
particle size to improve the particles light scattering abilities. Other desirable features of
seeding particles are that they are inert and nontoxic, they survive the testing environment,
and are preferably, inexpensive.
Based on positive past experience at Delphi with the 6-Jet atomizer and from
references it was decided to experimentwith amixture of glycerin (C3Hs(OH)3, density (p)
=
1.26 g/cm3) [3] and distilled water for the seeding liquid. The reasons for this were that
glycerin is inexpensive, nontoxic, water soluble, and ideally not as messy as using oils. From
many of the references, oils were used as seeding
and as a result caused lots of
fogging/streaking on the optical surfaces of the engines, requiring frequent cleaning. For
example, in one reference [4] where oil seeding was used, the engine could only be run for
five minutes before the optics were too dirty and the engine had to be cleaned. It was desired
to avoid the need for frequent cleanings ofDelphi's optical engine because a complete
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shutdown, disassembly, cleaning, reassembly, timing and warm-up takes on the order of an
hour or more.
The size of the glycerin/distilled water particles is assumed to be like other liquid
particles produced by the 6-Jet atomizer. Refer to reference [5]. These particles range from
0.6 pm to 12 pm at the largest. Special equipment is needed to measure these small particles
and in the reference, a TSI Model APS33B Aerodynamic Particle Sizer was used to measure
the output of the 6-Jet atomizer for various liquids. An example of the distribution achieved
in using the instrument is shown in figure 5-3 for propylene glycol (p
= 1.04). The
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Figure 5-3 - Propylene glycol particle size distribution from TSI 6-Jet Atomizer [5]
glycerin/distilled water particles also give
excellent light scattering properties as determined
through experimental testing.
To validate the assumption ofparticle size, a laser
diffraction system was used to
determine the particles range of sizes that were being generated
from the 6-Jet atomizer. It
was found that the range was a little broader than
advertised by TSI. Ninety percent of the
fluid volume being atomized had particles
with a size less than approximately 15 pm while
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fifty percent of the atomized fluid had particles with a size less than approximately 7 pm.
This was most likely from the fact that the atomizer was being run with a lower input
pressure of 15 psi instead of 25 psi, which was what TSI used as an input pressure. See the
Appendix. To make sure that these larger particles still follow the flow in the optical engine,
the Stokes number was calculated using equation 5-1.
Equation 5-1 St =
See references [1] and [2]. This number represents the ratio of the aerodynamic response
time of a particle (xu) to the time scale of turbulence (xf). A St 1 means that the particle
will not be influenced by the flow field, a St
= 1 means that the particle will follow the flow
just partially, and a St 1 means that the particle will track the flow field very accurately.
Based on the worked referenced and assuming Stokes flow and particle density (glycerin)




p represents the particle density, d is the particle diameter, and p is the fluid viscosity of the





UCl is the centerline velocity of the flow being studied and it approximates the mean
flow
axial time scale and the turbulence time scale. The DT is the half radius of the flow.




= 15e-6 m (larger sized
particles), p
= 1.6e-5 Nsec/m2,
UCL= 20 m/s, and DT
= 0.043 m (half the diameter of the
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engine cylinder) a St of 0.46 is calculated. This is reasonable considering the largest velocity
and particle size that are chosen. Most likely, the particles actually reaching the combustion
chamber are the small desired ones because there are an enormous amount ofobstacles that
the seeding particles must travel through to reach the combustion chamber. Considering that
the laser diffraction system is not the ideal tool formeasuring the particle sizes from the
atomizer, smaller particles of 2 pm diameter can be assumed from the atomizer literature [5].
Using d




= 1.6e-5 Nsec/m2, UCl= 20 m/s, and DT
=
0.043 m, then a St of 0.008 is calculated. This is very much less than one and therefore the
particles should track the flow field in the engine.
After choosing a seeding generator and liquid to be used for seeding particles the next
question that had to be answered was how to introduce the seeding particles into the optical
engine. The first thing that was noticed was the fact that the engine requires a large volume
of air when it is running at wide open throttle (WOT). Any seeding added to the engine
intake airmust not cause either a vacuum or supercharging effect. This means that if the
intake of the optical engine was hooked up directly to the output of the 6-Jet atomizer, the
atomizer must provide just enough seeded air so that the engine was not being starved
(causing a vacuum) or supercharged (pressurizing the intake air so that air is forced into the
engine when the intake valves are opened). In this setup, the atomizer would also have to be
adjusted accordingly with its atomizing jets, dilution air and incoming air to get just the right
amount of seeding to take PIV
images. This is therefore a very complicated process with a
very high likelihood of error.
To reduce error and make the process of seeding the optical engine an easier process,
a seeding dilution box was
constructed. See figure 5-4. The basic idea for the seeding
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Figure 5-4 - Seeding Dilution Box: Fully Assembled (left), Inside View (right)
dilution box is simple. The box has two chambers. One chamber, called the seeding chamber,
has two inputs and one output. One input is sized to allow the 6-Jet atomizer to be inserted
into the bottom of the chamber. The other input allows clean intake air to be brought into the
chamber. The output of the chamber is actually one of the two inputs to the second chamber
called the intake chamber. The intake chamber's other input is also for clean intake air and it
has an output at the top of the chamber, which goes to the optical engine's intake.
The seeding dilution box is made out ofplexiglass to aid in the visualization ofwhat
is happening inside the box. Butterfly valves made from two automotive throttle bodies, Tl
and T2, are used to control the flow of clean intake air into both the seeding and intake
chambers respectively. Another, T3, is used to control the flow of seeded air from the
seeding chamber to the intake chamber.
The top of the box or the cover is easily attached or
separated from the box by means of four wing nuts. The intake to the engine, which is the
output of the intake chamber, is located in the cover and dryer hose is used for a flexible
connection between it and the intake of the engine. Dow Corning RTV Sealant 730 is used to
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seal all the cracks between the plexiglass and foam insulation tape is used to seal the cover to
the rest of the box. See figure 5-5.
Figure 5-5 - Seeding Dilution Box: With Atomizer (left), Attached to engine (right)
The box has a few purposes. First it is large enough so that ifT3 is closed and T2 is
opened, the optical engine will operate normally and just take in clean intake air. The box
prevents any supercharging or vacuum effects since both Tl and T2 are open to atmosphere.
To add seeding to the clean intake air in the intake chamber, T3 is opened and can be varied
to allow different mixtures of seeding and clean intake air into the engine. The three throttles
allow for an infinite combination of seeding and clean intake air. Between the throttles and
the 6-Jet atomizer, lots ofvariations are possible to accommodate any speed the optical
engine is operated at.
One of the greatest benefits to the box is that ifPIV data is being taken and a problem
arises with instrumentation or the engine, the seeding can be immediately turned offwith T3.
This allows the engine to take in clean intake air and keep the optics cleaner. The clear
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plexiglass is also a huge benefit because it visually confirms what the 6-Jet generator is doing
and if there is seeding being added to the intake chamber. The seeding dilution box is also
very easy to clean. A benefit to having a seeding chamber that accumulates the seeding
particles is that any particles that are large will settle out in the chamber while the small
particles, which are desired, will stay suspended and follow the flow out. This is the reason
behind the design of the seeding chamber by placing the 6-Jet atomizer inlet at the bottom of
the chamber on one side and the T3 outlet near the top of the chamber at the opposite end.
Building and implementing the seeding dilution box answered almost all of the
questions about how the seeding would be introduced to the engine. Through
experimentation the best locations for Tl, T2, T3 and the 6-Jet atomizer settings where found
and it was determined that a certain ratio of glycerin to distilled water allowed for longer
periods of seeding without having to clean the engine.
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chapter 6 - Experimentation
Setup
In order to begin experimentation with PIV on the optical engine after the seeding
method was determined, the Dantec PIV system's individual components had to be
assembled. To assure correct connections of the numerous cables and BNC connectors, a
wiring diagram was created. See the Appendix. When connecting any equipment cables and
connections it is very important to make sure that none of the equipment is powered or
damage to the equipment will occur. It is therefore wise to make sure that all equipment is
disconnected from electrical outlets. Also the Double Image 700 cameramust have a BNC
connection between Trigger 1 and the camera connection board on the PIV 2000 processor to
assure correct timing of the PIV images. Both Nd-YAG lasers should also have their Fire
Q-
SW switches on the back panels set to EXT or the lasers will not fire at the correct time.
Once the correct connections are made and all the equipment is up and running, an
extensive setup must take place in the FlowManager software. To obtain PIV images quickly
a procedure was created along with tips that can be used during the image capturing. There is
also a spreadsheet that shows both the camera and laser setups in the FlowManager software.
See the Appendix for the procedure, tips and setup information.
After the FlowManager software is setup, all the correct connections are made and the
optical engine is calibrated so that the PCESC is outputting accurate signals, the PIV system
must be fine tuned to assure the correct capture of images during PIV data acquisition. This
is a very important step because the
PIV system can take pictures blindly and output vector
maps that do not actually correspond to the
desired crank angle. Ideally, what happens is that
a desired crank angle is entered in the PCESC program inputs at Aux 3 and 4, for example
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90. This input is sent from the PCESC computer to the PIV system as a square wave with its
falling edge indicating 90. If there were minimal delays in the PIV system, after it had
synchronized the camera, lasers, and trigger within a specified window of time, the PIV
images would be taken at the correct crank angle. But the Doublelmage 700 camera has a
built-in delay so that after the synchronization of the
90
trigger, camera and laser signals
have occurred, there is another 50.7 ms delay before the first image is captured. This is a
considerable time delay and ifnot taken into account for example at 750 rpm (0.222 ms/deg),
226
have passed since the desired acquisition point of
90
and the actual acquisition occurs
at 316. Therefore the delay must be accounted for in one of two ways.
One way would be to take the delay of 50.7 ms and determine the crank angle in
degrees, based on the rpm the engine is being operated at, the crank angle that the PIV
system should be triggered so that data acquisition occurs at the desired crank angle. For
example, if
90
is the desired crank angle ofdata acquisition and the engine is operating at
750 rpm the input to Aux 3 and 4 on the PCESC system would have to be at 584. This is
based on the engine cycle of 0 to
720
and would ensure that the PIV system would capture
the images starting at 90.
The other way that is more convenient
and ensures less errors is altering the 1PPR
delay in the PCESC program so that when
90
is entered in the Aux 3 and 4 inputs, the PIV
system captures images at the desired location. In
essence all that is being done is the
addition of the 50.7 ms delay into the 1PPR delay so that
calculations do not have to be done
each time the data acquisition position is changed.
This change must be carefully noted
however because all the outputs from the PCESC
program will be occurring 50.7 ms before
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the actual event. So if a fuel injector is used, it will inject its fuel 50.2 ms before the actual
desired position.
In order to verify that the system is operating as assumed, a special test can be run
with the optical engine. First the Doublelmage 700 camera delay is accounted for using one
of the two mentioned methods. Then the camera is focused on the engine piston edge. The
piston can be seen through the 20 mm optical cylinder for about
50
from the start of the











cycle starts over. The engine piston can be placed in a static position at for example, 30, and
a picture is taken of the piston edge in the window. Several static pictures are taken with the
piston at different positions (20, 25, 30, 35, 40, 45). The motor is then started, bringing
the engine up to the desired rpm. A desired data acquisition crank angle is entered in Aux 3
and 4 in the PCESC program, such as 30, and the PIV system is initiated to synchronize the
respective signals and capture images. If all the setup of the optical engine, PIV system and
PCESC program have been done correctly the PIV system will return two images, the first
that should look exactly like the
30
static image that was acquired. Note that the second
image will be taken at a specified time from the first image and therefore should not look
exactly like the
30
static image. If this works, then the other crank angles should be checked
where the piston should be at
30
(330, 390, & 690). Ideally these should be all exactly
like the
30
static image that were taken except that they were taken with the engine in a
dynamic mode. The same check should be performed on the other static positions. When all
the checks are done it is a very good assumption that the PIV system will take images at the
exact crank angle entered in the PCESC program.
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Another very important part of the setup for experimentation with the PIV system is
the setting of the scale factor. The scale factor is set within the FlowManager software and
allows the user to specify a known dimension on an image. This known dimension is
necessary for the software to be able to calculate the area size that is being observed and for
the calculation of the velocity vectors.
Setting the scale factor for the optical engine images is one of the more challenging
tasks of the setup because there is no easy accessibility to the inside of the engine cylinder
except through the spark plug hole. The only other way to access the cylinder is by removing
the cylinder head, placing a scale on the piston where the laser sheet is crossing, setting the
head back in place and snapping an image. Then the head must be removed, the scale taken
out and the engine reassembled and warmed up. Placing the scale on the piston and taking a
snapshot works well for the center and valve planes but the swirl plane must be calibrated
using the spark plug hole. A small scale is placed on the end of a wire and worked down into
the cylinder until the scale crosses the laser sheet and can be seen in the camera image.
To set the scale factor in the software, an image is taken using one of the previous
described methods depending on what plane is being imaged. Two software markers are
placed on the scale in the image to specify a known distance such as 1 mm. The software
then reports back a scale factor and the image is scaled correctly.
In order to make sure that ambient light in the room does not effect the PIV images, a
filter is used. This filter attaches to the front of the camera lens and only allows a small range
of light through it. Since all that is desired for PIV images is the laser light from the Nd:YAG
laser, a 532 nm filter is used to allow only this wavelength
of light to enter the camera lens.
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Experimentation at Delphi
Undertaking the implementation ofDantec's PIV system on Delphi's optical engine
involved lots of testing and trials. At first, the PIV system was debugged on a small glass fish
tank that was half full ofwater and contained neutrally buoyant silver coated hollow glass
spheres as the seeding particles. A mixer blade was put into the tank to stir the seeded water.
The PIV system was used extensively on this setup to understand its limitations, debug its
problems from lack ofuse (the system was purchased and not extensively used) and to make
sure that the system was operating as expected before attempting to implement it on the
optical engine.
The first attempts at PIV on Delphi's optical engine had many successes and many
failures. A seeding mixture of three parts distilled water to one part glycerin was used as a
first try with the engine. This proved to be a bad combination at first because the optics
fogged over quickly when this seeding was used with the 6-Jet atomizer and the seeding box.
But by increasing the coolant and oil temperatures to 78C and 75C respectively, the
immediate fogging disappeared. These maximum temperatures heated the engine up from the
previous coolant and oil temperatures, which were kept at 30C. What resulted was the
seeding that could be seen by the Double Image camera (using a 60 mm lens) but after
running the engine for five to tenminutes,
large streaks of glycerin started appearing on the
engine's optics. The camera was focused on the center plane and the laser sheet came
through the side of the cylinder quartz optical window.
There were a couple of inherent problems with this setup. First, the laser sheet
coming through the side of the
cylinder optical window caused numerous reflections that
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forced the viewing area to have a length and width of 17.3 x 12.5 mm respectively, or about
the size of a stamp in the center of the cylinder. Second, the 60 mm lens did not make good
use of the CCD chip of the Double Image camera since most of the image that came back had
to be discarded due to the fact that a small image area could not be obtained without wasting
the top and bottom of the image. Lastly, it was desired to have seeding that would not force
the engine to be torn apart after just five to tenminutes of data acquisition.
To solve these problems a few things were attempted. First, the laser sheetwas
moved so that it would reflect off the engine's mirror up through the piston into the
combustion chamber. This proved to be a very effective method of reducing reflections in the
cylinder optical windowwith the only compromise being a PIV image length of about 60
mm. The 60 mm limiting factor comes from the piston's optical window and based on where
the laser sheet is positioned (center plane or valve plane) this can only get smaller. But
considering how bad the reflections were when the laser sheet was directed through the side
of the cylinder optical window this compromise was acceptable.
Solving the problem with the camera lens not using the CCD chip effectively was
accomplished by using a 90 mm lens instead of the 60 mm. This lens had two positive
effects. First it made more of the image useful for PIV analysis. It also made the seeding
particles larger so that the requirements for PIV analysis could be easily met, such as having
a seeding particle with a
diameter greater than two pixels with less defocusing.
The last problem of increasing the experimentation time by having a seeding mixture
that would not cause streaking took better than
six months of experimentation and testing to
solidify into a repeatable
event. It was found that by using amuch higher mixture of
thirty-
five parts ofdistilled water to one part glycerin resulted in seeding
that was excellent for PIV
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data acquisition, and resulted in running the engine for better than an hour before having to
tear down the engine for cleaning. At times and depending on what part of the engine cycle
data is being taken, the engine could be run for three hours before having to be cleaned. It




ATDC of the intake stroke. Before
40
the piston appears in the image and causes
problems for PIV data acquisition. After
290
the glycerin seeding disappears because of the
increasing heat and pressure. The amount of seeding being added is therefore dependent on
what part of the cycle PIV data is being acquired and the more seeding added, the faster the
optics will get dirty. The majority of the time the seeding settings are as follows: The 6-Jet
atomizer is set to an intake pressure of twenty-five psi, one jet is open, and no dilution air is
used. The seeding box is set to lA Tl and T2 and V2 T3. When the later part of the cycle is of
interest the only thing that is changed is that more jets are used.
Once all the problems for the most part were addressed, experimentation began on
Delphi's optical engine with the Jl cylinder head. Three planes were investigated: the center,
valve and swirl planes. The center plane involved reflecting the laser sheet off the mirror in
the engine up through the piston along the center line of the bore. The camera was set up to
view the plane through the 20mm cylinder window. For exact locations and dimensions for
all the experimentation, see the appendix for a detailed description ofwhere the laser sheet
was located and what the camera captured as images. Two images were taken in the center
plane that were overlapped and later sewed together for CFD comparisons. The PIV velocity




ATDC of the intake stroke. Every 2,
three PIV velocity vector maps were taken and then averaged together. But at 90, 180, and
270, thirty PIV velocity vector maps were taken and averaged together for comparison to
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CFD results. The analysis section of this report describes more about the reasoning behind
the experimentation on the engine and why different numbers ofPIV velocity vector maps
were taken and averaged together.
The valve plane had the exact same location for the camera and laser, but the laser
sheet was offset from the centerline of the bore so that the centerline of the valves was





and in the same manner as the center plane.
The swirl plane caused the laser and camera to change positions such that the camera
took images looking up through the engine piston and the laser sheet was positioned
horizontally and through the cylinder window of the engine. Two images were taken and




ATDC of the intake
stroke. The same technique of taking three PIV velocity vector maps for the majority of the
sweep and thirty for a few different crank angles also applied.
In learning from previous experiences, work in progress on the analysis section of this
report, and from CFD comparisons, a different approach was taken when PIV was done on
Delphi's J2 cylinder head. The difference between the Jl and J2 heads are the design of the
intake ports, actual head geometry, and locations of spark plugs. The head designs are
proprietary and therefore not thoroughlymentioned in this report. Based on the experiences,
the same three planes were investigated but a different approach was taken in gathering data.







velocity vector maps where taken at each
location to be averaged together. Only one image




ATDC of the intake stroke.
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ATDC of the intake stroke. It also had data taken every
10
with 20 PIV velocity
vector maps taken at each location.
Once the analysis calculation process was finished (see the analysis section), it was
validated on the J2 cylinder head in the center plane using a slightly different physical image
location. As mentioned previously the appendix has all the detailed location of the images
and the laser sheet locations. Different crank angles such as 90, 230, 120, 200, 250,
150, 180, 270, &
280
were investigated and PIV velocity vectormaps were taken until
the analysis method determined a pass criteria.
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chapter 7 - Analysis
After completing the experimentation on the Jl head a very familiar question arose.
Was three PIV vector maps averaged together enough to represent the flow in the optical
engine at the desired crank angle? Or should thirty or more PIV vector maps averaged
together be used to represent the flow in the engine at the desired crank angle. Howmany
PIV vector maps averaged together are enough?
This question, however simple it may seem, is a daunting question that has not
effectively been answered to date. As can be seen in
other papers and research with PIV,
there are a variety of answers to this question ranging from about
ten to two hundred and
fifty PIV vector maps averaged together. The justifications
used as to why this many vector
maps were averaged together is very qualitative and based on the experience
of the user. The
major emphasis of this thesis is to try and answer this question using quantitative
results.
A little background is necessary to first show how this
question arose at Delphi and
then where the analysis is going. When the PIV system was finally setup, calibrated and
working on the Dephi's
optical engine, the first goal was to verify the
CFD model of the
engine. As could be seen by looking at one PIV vectormap of any
crank angle, there was not
a lot of similarity between it and
the CFD model of the same area. So the initial thought was
to take three PIV vector maps at each
crank angle and average them together to get the
averaged flow. That should compare better
with the CFD model, which cannot predict cycle
to cycle variation ofthe flow in the engine.
An aside to this, three other crank positions
would be observed and thirty PIV vector
maps would be taken at each to be averaged
together for comparison to the CFD
model. Why three and thirty? Good question, three was
picked because when averaged
together it looked better than one alone or two averaged
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together. Thirty was picked because another engineer had experience with taking pictures of
fuel injection events in the optical engine and thought thirty to be plenty.
So as stated previously in the experimentation section of this thesis, the center, valve
and swirl planes were investigated. Upon comparison to the CFD model, it was immediately
seen that three PIV vector maps averaged together did not compare well to the CFD model.
By
"compare"
it is meant that a qualitative approach was taken and if they appeared
different, then they were said not to compare well. But the three crank angles (90, 180, &
270
ATDC of the intake stroke for all three planes) that were investigated with thirty PIV
vectormaps averaged together faired well and most agreed with the CFD model. So a couple
ofquestions arose from this experimentation. Why did thirty PIV vector maps averaged
together compare well with the CFD model? Why did three PIV vector maps averaged
together not compare well with the CFD model? Could ten or fifteen or twenty PIV vector
maps averaged together compare well with the CFD model? For the cases were thirty PIV
vector maps were averaged together and did not agree with the CFD model, would forty or
fifty or two hundred averaged vector maps have been enough to compare to the CFD model?
It was obvious from the barrage ofnew questions that some tool would have to be developed
to make a quantitative assessment of the PIV vectormaps and report back whether or not
more or enough PIV vectormaps had been taken to compare to a CFD model.
Based on these questions a tool was developed to quantitatively examine PIV vector
maps. This tool evolved over a nine month period and is continually evolving to make it
more robust and useful to all PIV applications. To date, it has been proven to work on
Delphi's optical engine for two different cylinder heads.
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The core idea for this tool is that it should show whether a certain number ofPIV
vectormaps that have been averaged together have or have not converged. By
"converged"
it
means that by taking and averaging more PIV vectormaps together the result will be so
similar, that only time and money have been wasted because the result is practically the same
as before the extra PIV vector maps were added to the average. On the other hand, if the PIV
vectormaps have not converged, thenmore PIV vectormaps are needed to make it converge.
This holds true for the optical engine in that it is expected in CFD that at a certain crank
angle in the
720
4-stroke cycle that the same flow occurs cycle to cycle. In reality, there is
cycle to cycle variation and this is why more than one PIV vectormap must be averaged
together to verify the CFD model. This tool, however, is very useful for any PIV application
were there is a question as to howmany PIV vector maps are needed to verify a CFD model.
The tool is named "PIV
Manipulator"
and presently consists of two calculation
phases. The first phase is the DC# Calculation Process and the second phase is the PIV#
Calculation Process.
The DC# Calculation Process works with the text files that are exported from the
Dantec FlowManager software. These files are the numeric representations of the PIV vector
maps and are large arrays consisting of four columns and numerous rows, which are
dependent on the settings in the FlowManager software. Note that all the PIV vector maps
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Figure 7-1: PIV VectorMap
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that were exported from the FlowManager underwent a three step validation and smoothing
process that involved peak detection, range validation, and amoving average. Each row
contains all the information needed to reconstruct one vector in the PIV vector map. See
figure 7-1. The four columns are X, Y, U, and V. See figure 7-2. X and Y are the position
X Y U V
X Y U V
X Y U V
1
Figure 7-2: Text files exported from FlowManager
coordinates of the vector in question and U and V are the velocity components of the vector
at the X and Y position coordinates respectively. NormallyN number ofPIV vector maps are
exported from the software for analysis. For example, thirty PIV vector maps are exported
from the FlowManager software.
These files undergo an averaging calculation process that produces N-l or in the
example twenty-nine average files. The first file is the average of two PIV vector maps, the
second file is the average of three PIV vectormaps and so on. It should be pointed out here
that since the acquisition ofPIV vector maps on Delphi's optical engine is random, the files
are averaged in order according to how they are imported into the DC# Calculation Process.
It is up to the user to make the incoming text files random
if it is felt that the data was not
taken at random. The N-l text files that result from this first calculation have a lot of
information. See figure 7-3. There are six main columns and a sub array of reported values.
The columns are X, Y, UAVG, VAVG, STDU, STDV and the rows represent information
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Figure 7-3: N-l Average Files
about an individual vector in a PIV vector map. X and Y are the coordinates of the vector in
the PIV vector map. UAVG and VAVG are the average velocity components in the X and Y
direction respectively. STDU and STDV are the standard deviations of the UAVG and
VAVG velocity components respectively. So, for a four average file, UAVG, VAVG, STDU
and STDV represent the results for four vectors in the same position that have had their U
and V velocity components averaged together. The sub array off to the right of the main rows
and columns is a 4 x 2 array that represents the maximum andminimum standard deviations
of the UAVG and VAVG velocity components. The
"Post."
represents the row position of
the respective maximum or minimum STDU/SDTV in the main array. Note that the first row
is taken as row zero. The formula for calculating the standard deviation is shown in Equation
7-1, [22],











because of the confusion between sample and population variance. The sample variance is
used.
Before the next step of the
Calculation Process is explained a few assumptions should
be mentioned. In this analysis, the largest assumption is that the
N-l average file is assumed
to be the ideal case. What this means is that if twenty PIV
vector maps are taken, then ideally
the average of the twenty represents
the best vector map for the flow. If at the same location
only ten PIV vectormaps
were taken, then this analysis assumes that ten averaged vector
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maps would be the ideal case for the flow. In essence this method is only comparing the data
that has been collected to see how repeatable or varying the flow field under investigation is.
Another assumption is that at aminimum seven PIV vector maps are needed to begin the
analysis. This minimum is based solely on an integration that is done in the analysis and is
explained later on in this section. The last assumption, and arguably the most important, is
that it is expected that all the data acquisition and processing of the PIV vectormaps prior to
the start of this analysis is done correctly.
The next step in the DC# Calculation Process is the calculation of the subtracted files.
The idea here is to compare the increasingly larger average files to the ideal average file. So
in the case of thirty PIV vector maps, there are twenty-nine average files and twenty-eight
subtracted files. The first subtracted file is the result of the subtraction of the thirty PIV
vector map average file from the two PIV vector map average file. See figure 7-4. The
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Figure 7-4: N-2 Subtracted Files
columns are X, Y, USUB, VSUB, MAGN, DEG and the rows once again represent
information about an individual vector in a PIV vector map. X and Y are the coordinates of
the vector in the PIV vector map. USUB and VSUB represent for example the result of
subtracting the average of thirty U velocity
vector components from the average of two U
velocity vector components.
The MAGN column contains the magnitudes of the USUB and
VSUB velocity vector components.
The familiar equation 7-2 formagnitude is used.
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Equation 7-2: MAGN =
^{(uSUB)2
+ (vSUB)2)
The DEG column contains the difference in degrees between, for example, the thirty
PIV average vector maps individual vector magnitudes and the two PIV average vector maps
individual vector magnitudes. Note that the difference in degrees can never be greater than
180. The 6 x 2 sub array off to the right of the main rows and columns has lots ofuseful
information. DC#1 is one number that represents the average of the magnitude column. This
number physically represents the average magnitudes of the differences of the u and v
velocity components between two PIV vector maps. STD1 is the standard deviation ofDC#1,
MAX1 andMINI are the maximum and minimum DC#ls and likewise Post. MAX1 and
Post. MINI are the positions of these values in the array. DC#2 represents one number for
the average of the DEG column. So this number expresses the average degree differences
between the individual velocity vectors between two PIV vectormaps. Furthermore,
following the same pattern as with DC#1, STD 2 is the standard deviation ofDC#2 and
so on.
This subtraction process is carried out so that there is N-2 subtracted files when it has
completed. The DC#1, DC#2, STD 1 and STD 2 are taken from each file and assembled in
one file called the DC#s file. See figure 7-5.
DC#1 DC#2 STD1 STD 2
Figure 7-5: DC#s File
The DC# Calculation Process was run on a number of
cases in which thirty PIV
vectormaps were taken on the Jl cylinder head. The
idea was to see if a pattern would
emerge from the data that was produced in each DC#s
file for each individual case. What
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immediately became apparent was that when the DC#s and their standard deviations were
plotted, most of the data appeared like smooth exponential curves. Whatmade them different
was the area beneath each curve and their slopes. The appendix shows original data from the
Jl cylinder head experimentation and the patterns of the DC#s.
It was apparent from the initial analysis that a fewmore calculations were needed to
be taken to extract information from the DC#s and their standard deviations. This process is
called the PIV# Calculation Process and it predicts whether or not a set ofPIV vectormaps
have or have not converged. The main idea behind this calculation process is the fact that the
ideal result would be a flat line with a value of zero for the DC#s and their standard
deviations.
Take for example, one PIV vector map that is copied twenty times. This would
represent a flow that was perfect every time PIV was performed on it. By averaging all of
these vector maps together, the result is exactly the same as any of the
individual maps and if
the DC# Calculation Process is carried out, it is easily seen that
the result would be all zeros.
Therefore, the plot would be a flat line with
all the values at zero. In reality this would most
likely never happen and that is why
all the averaging and this
calculation process is being
carried out. So the closer the DC#s and their standard
deviations are to the ideal zero line, the
more likely that the average PIV velocity
vector maps have converged.
To begin the PIV# calculation process,
each column ofdata from the DC#s file has its
last five data points integrated using
Simpson's Rule to determine the area under that portion
of the curve. See figure 7-6. The
reason for performing this calculation is that it gives
the
ability to quantitatively
determine the difference between two plots with the exact same
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DC#1/DC#2/STD1/STD2
Area - last 5 pts.
Ideal Zero ^
Method = Simpson's Rule
Figure 7-6: Area Calculation Process by Integration
shape but with one slightly shifted higher or lower. The one with the smaller calculated area
would give better convergence because that would mean it is closer to the ideal zero line.
Five data points were taken as a good sampling ofhow the average files are
converging to the ideal case and to stay away from data irregularities (using just three or two
data points). By taking five data points, this immediately puts a limit of seven PIV vector
files as a minimum to start calculations. This is because seven PIV vector files results in six
average files, and five subtracted files that produce five DC#s and standard deviations. This
limit could be reduced to five PIV vector files resulting in four average files, three subtracted
files and three DC#s and standard deviations using integration by Simpson's Rule. Or four
PIV vector files could be used resulting in three average files, two subtracted files and two
DC#s and standard deviations using integration by the trapezoidal rule. The final justification
for keeping with aminimum of seven PIV vector maps is that in the in-cylinder flows of the
optical engine, the qualitative comparisons
(mentioned later) did not agree for the majority of
the cases until after fifteen PIV vector maps were averaged together. This coupled with the
fact that if this method is used on another more consistent flow pattern (with a minimum of
seven PIV vector files) and the calculation method passes this case, it is probable that the
method is only needed to verify
how consistent the flow pattern is.
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The second step in the PIV# Calculation Process is the determination of the average
slope. See figure 7-7.The method behind this process is to determine all the slopes from each





Figure 7-7: Average Slope Calculation
individual point on the plotted DC# and standard deviation data to the last plotted point. The
average of all these slopes gives the average slope of the plotted data. The reason for
performing this calculation is that it gives a quantitative indication ofhow a set ofdata is
approaching the last point. If the absolute value of the slope is high, then there is a large
difference among the PIV vector maps being averaged and therefore more vector maps are
needed. If the absolute value of the slope is low then the differences among the PIV averaged
vectormaps is small and no more vector maps are needed to make the average maps
converge.
The slope calculation is dependent on the area calculation because it is possible to
have the same average slopes but with different plots. One plot could be offset above or
below the other plot. The area distinguishes the two plots as described before with the lesser
area representing a better converging
set of averaged PIV velocity vector maps.
Now the area and average slope calculations occur for each of the DC# and standard
deviation plots and the result for each plotted line is an area or integration number (Int.#) and
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an average slope number (Slp.#). To ease confusion these numbers are multiplied together
for each plotted line and the result is four PIV#s. See equation 7-3.
Equation 7-3: PIV#= IntM * SlpM
The justification for this other than less confusion and fewer numbers to observe is the fact
that ideally both of these should be zero for an ideal perfect flow and therefore the closer to
zero that the PIV# is the better the averaged PIV vector maps have converged.
The final reported file is the DC#s File again but with another 4 x 1 array to the right
of the main columns. This array holds the four PIV#s that give an indication of the
convergence of the average PIV vector maps. See figure 7-8.





Figure 7-8: Modified DC#s File with PIV#s
The PIV#s only meaning are an indication ofhow average PIV vector maps have
converged to the ideal case. So in order to answer the question ofhowmany averaged PIV
vector maps is enough, the experienced user's subjectivity must first be used to determine the
limits on the PIV#s so that a pass/fail process can be applied.
The process undertaken to determine the limits was as follows. PIV experimentation
had been completed on Delphi's Jl cylinder head and was, for the most part, completed on
the J2 cylinder head. A number of cases were taken from the Jl and J2 PIV experimental data
for an in-depth qualitative study to determine the number of
average PIV vector maps that
resulted in a converged averaged PIV velocity vectormap for each specific case. Now a case
consisted ofN number ofPIV velocity vector maps that could
have been taken in the center,
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swirl or valve planes and at different crank angles of the
360
intake to compression part of
the four-stroke cycle.
The method for qualitatively determining if the averaged files converged can best be
described by using an example. In this example, see the appendix for this case, twenty-five
PIV velocity vector maps had originally been taken using the J2 cylinder head, in the swirl
plane and at a crank angle of
270
ATDC of the intake stroke. Four different PIV velocity
vector maps were printed out on overhead transparencies. Of the four vector maps, one had
ten maps averaged together (10M), one had fifteenmaps averaged together (15M), another
had twenty maps averaged together (20M), and finally the last one had all the twenty-five
vector maps averaged together (25M). The 10M was laid on a white sheet ofpaper and the
15M was overlaid onto the 10M. This is where the experience of the PIV experimentalist
comes into play and the qualitative feeling is that the 10M and 15M do not look the same.
Anyone can visually look at the two maps and see that the left center, left bottom, and right
center do not compare well. So the 10M is taken away and the 20M is overlaid on the 15M.
The visual differences between these two are much harder to see but the 1 5M and 20M are
still not the same so the 15M is taken away. The 25M is then overlaid onto the 20M and there
are so little differences between the two averaged PIV velocity vectormaps that the
experimentation could have stopped at twenty. By taking the last five vectormaps, not much
has been gained and the time spent taking the last five PIV velocity vectormaps could have
been better used investigating PIV flow fields at different crank angle locations in the engine.
Each case was put through the PIV manipulator process based on the qualitative
results to determine the quantitative PIV numbers. For the above example, the PIV numbers
that resulted when just twenty PIV velocity vector maps were
used were: PIV#1 = -0.02,
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-22.66. This process occurred for a number of
cases, and then the PIV#s for all the cases were averaged to determine the limits. The limits




-0.12, & PIV#4 = -40.00. When future cases
are used with the PIV manipulator process, their PIV numbers must be greater than all of the
limits for the process to give a pass criteria. If any one of the PIV#'s is not greater than the
limits, then more PIV velocity vector maps must be taken until the PIV#'s are all greater.
The PIV manipulator process would demand an enormous amount of time and
patience if the calculations would be done by hand. But with the advent of the computer and
programming, the whole calculation process can be carried out in a matter of seconds.
Therefore the calculation process can be used in line with the taking of experimental PIV
data to tell the user when enough PIV velocity vector maps have been taken.
In order to take advantage of this technique at Delphi, a Labview program was
created. It is called the Delphi PIV Manipulator and it completely automates the PIV
manipulator calculation process. See the appendix where the program is completely detailed.
It also has an option to graphically view the standard deviations of the u and v velocity
components, or the magnitude of these. This allows the user to see where the greatest amount
ofvariation is occurring in the area of the flow field that is
under investigation.
The program has amain screen that allows the user to select either the DC#




Fie <fl gpwit fjojeci Endows tWp
H
Enter: Number of Hies and Indicate tf
Calculated Files Should Be Saved!!
Number of rile i = .
ffflUBB|Avq/Subtracted Files
I DC*/PIV# File
Figure 7-9: Delphi PIVManipulator Program
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calculation process, the intensity viewer (this is the part of the program that allows the
graphical visualization of the standard deviations as mentioned above), or to stop the
program. If the DC# button is pressed, the user is asked howmany files have been taken and
whether or not the calculated files should be saved or not. See figure 7-9. The user is then
prompted for the location of the PIV File Format. This format is dependent on how the
individual text files are exported from the Dantec FlowManager program and is basically just
a text file that contains a list ofnames so that the Delphi PIV Manipulator program knows
the names ofwhat files to open. The user is also prompted for the location of the exported
PIV text files that have come out of the FlowManager and for the location of files that will be
saved if any. See figure 7-10. There is a prompt to make sure there were no mistakes in the
Be * Qpetate ioia isfmdows Help
5l ^J_H)|16pt Application Font jj |p_d |mS,jJ \$\3i
^
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Figure 7-10: File location, Conformation, andMain DC#windows
information provided by the user, and if so, the information can be re-entered. Ifnot, a new
window pops up and when the
calculation process completes, the DC#s and their standard
deviations are plotted accordingly. A pass or fail indicator for each PIV# is also reported. If
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all are passing, then enough PIV velocity vector maps have been taken. Ifnot, the return and
stop buttons can be pressed, more vector maps taken and the calculation process run again
until all the PIV#s pass.
Once the Labview program was finished and the limits of the PIV manipulator
process determined, the program was verified on the J2 cylinder head as PIV data was taken
to tell the operator when to stop. To verify that it stopped at the right location, more vector
maps were taken and then the same process ofprinting out and comparing different average
PIV velocity vector maps occurred. The program was also used on the original limit
determining cases to make sure the program passed at the expected number ofPIV velocity
vector maps.
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chapter 8 - Conclusion
This thesis has been an enormous challenge and learning experience and many good
things have come from the experimentation with and analysis ofparticle image velocimetry
measurements on Delphi's optical engine. The thesis goals were all met including the two
most important which were taking velocity flow field measurements in the optical engine and
optimizing the measurement technique.
The analysis technique is like no other technique yet available in that it takes the
subjectivity of an experienced user and bottles it into a quantitative
result giving a pass/fail
criteria. This technique promises repeatability every time data is acquired, no guess work as
to when enough PIV velocity vectormaps have been taken for an average map
of the flow
field under investigation, and a robust process that has been proven to work on more than one
type of cylinder head at Delphi. Although unproven, it is easily seen that this analysis
technique can be applied to any type ofPIV application where
the flow field is varying and
the average flow field is desired. This technique will also show
how likely a CFD package
will be able to predict a certain flow field. If the flow field
converges quickly, in say fifteen
to fifty PIV velocity vectormaps
averaged together, it is possible that a CFD package could
predict this averaged flow. But if the DC#s and their
standard deviations vary wildly to a
pointwhere sixty, eighty or one
hundred PIV velocity vectormaps have been taken to
be
averaged together, it is the experience and
judgement of this author to warn that a CFD
package will probably not
predict the flow field and other locations in the flow should be
observed for a slightly more
repetitive event.
Future work involves the continuation
of taking PIV data on Delphi's optical engine
while using the new
analysis tool to determine when enough PIV velocity
vectormaps have
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been taken. Recommendations to make the analysis technique more robust to other PIV
applications other than the engine include introducing a normalization process. This process
would force the maximum velocity component for either the U or V component ofvelocity to
be 1 . A weighting function may also be used on the degree portion of the analysis technique
such that vectors with high velocities weigh more heavily in the calculation process than
vectors with low velocities. As far as recommendations to others that may want to use this
process, it is suggested to use the limits for the PIV#s in this thesis as a guideline to start. It
might be beneficial to move the limits in the same manner as they were determined in this
thesis to benefit a specific application.
In conclusion, through more and more experimental work, validation and future
improvements, it is expected that this new analysis technique will be beneficial to all the PIV
experimentalists in the field trying to decide when enough PIV velocity vector maps have
been taken to get an average of a flow field. Delphi benefited the greatly from this thesis
because they now have a fully-functional and proven PIV system that can acquire the
in-
cylinder velocity flow fields in their optical engine. Not only do they have a great PIV
system, but they have an analysis technique thatmakes the acquisition of the PIV data
consistent, repeatable and truly without qualitative guesswork for every data acquisition.
68
References
1 . "Multiphase Flows with Droplets and Particles", Clayton Crowe, Martin Sommerfeld,
& Yutaka Tsuji, CRC Press, 1998
2. "Spray Technology Short Course", William Bachalo, Norman Chigier, & RolfReitz,
Carnegie Mellon University, pgs 6-1 to 6-2, 1996
3 . "Bosch Automotive Handbook
(4th
Ed.)", Robert Bosch GmbH, 1996
4. "Cyclic Variability ofLarge-Scale Turbulent Structures in Directed and Undirected IC
Engine Flows", David L. Reuss, SAE paper 2000-01-0246, 2000
5. "Model 9306 Six-Jet Atomizer InstructionManual", TSI Incorporated, 1998
6. "Ricardo Optical Engine for Fuel Spray Characterization", Nathalie Hilaire, 1998
7.
"FlowMap
Particle Image Velocimetry Instrumentation", Dantec Measurement
Technology, fourth edition, 1998
8. "Tracer particles and seeding for particle image velocimetry", A Melling, Measurement
Science and Technology, Vol. 8, 1997, pgs 1406-1416
9. "NewWave Research Inc. Minilase Nd:YAG Laser OperatingManual", NewWave
Research, 1997
10. "Doublelmage 700 Camera", Dantec Measurement Technology, 1995
11. "Theory ofCross-Correlation Analysis ofPIV
Images"
R. D. Keane and R. J. Adrian,
University of Illinois, Applied Scientific Research, Vol 49, 1992
12. "Investigations of flows in rotating machinery using particle image
velocimetry"
W. T.
Lai, D. C. Bjorkquist, & J. Stefanini, TSI Incorporated, Fluid Mechanics Instrument
Division, Laser Anemometry Advances and Applications, 7th International Conference
~ University ofKarlsruhe, Germany, September 8-1 1, 1997
13. "Two-Color Particle Image Velocimetry in an Engine With Combustion", E. Nino, B.
F. Gajdeczko, & P. G. Felton, SAE paper 930872, 1993
14. "Cycle-Resolved Laser-VelocimetryMeasurements in a Reentrant-Bowl-in-Piston
Engine", Todd D. Fansler & Donald T. French, SAE paper 880377, 1988
1 5 . "Velocity, Vorticity, and Strain-Rate Ahead of a Flame
Measured in an Engine Using
Particle Image Velocimetry", David L. Reuss, Mark Bardsley, Philip G. Felton,
Christopher C. Landreth, & Ronald J. Adrain, SAE paper 900053, 1990
69
1 6. "Particle Image VelocimetryMeasurements in a High-Swirl Engine Used for
Evaluation ofComputational Fluid Dynamics Calculations", David L. Reuss, Tang-Wei
Kuo, Bahrain Khalighi, Dan Haworth, & Martin Rosalik, SAE paper 952381, 1995
17. "Study on Spatial Characteristics of the In-Cylinder Flow Field in an I.C. Engine Using
PIV", Yan-Xiang Yang, Chang-Wen Liu, Jie Liu, & Hui Zhao, SAE paper 982632,
1998
18. "Pulsed laser technique application to liquid and gaseous flows and the scattering
power of seed materials", Ronald J. Adrian & Chung-Shen Yao, Applied Optics, Vol.
24, pages 44-52, 1985
19. "A Study of the Cycle-to-Cycle Variation of In-Cylinder Flow in aMotored Engine
Through Digital Image Processing ofVisualized Images", Long Zhang, Ueda Takahiro,
Takatsuki Toshiaki, & Yokota Katsuhiko, SAE paper 950727, 1995
20. "Investigation of the Transient In-Cylinder Flow Inside a Two Stroke Engine with
Particle-Image-Velocimetry", A. Nauwerck, J. Gindele, U. Spicher, H. Rosskamp, & G.
Landwehr, SAE paper 2000-01-0902, 2000
21 . "Particle Image VelocimetryMeasurments in a High Tumble Engine for In-Cylinder
Flow Structure Analysis", Eric Rouland, Michel Trinite, Frederic Dionnet, Alain Floch,
& AfifAhmed, SAE paper 972831, 1997
22. Labview 5.0 electronic manuals
70
Appendix Contents
Dantec PIV Wiring Diagram Al
FlowManager Settings A2
PIV Setup Procedure A3 - A5
Tips for Running Online PIV A6 - A7
Glycerin Particle Size Information A8 - A9
Jl Cylinder Head Image Size & Camera and Laser Position Info A10 - Al 1
J2 Cylinder Head Image Size & Camera and Laser Position Info A12 - A13
Validation J2 Cylinder Head Image Size & Camera and Laser Position Info A14
Labview based "Delphi PIV
Manipulator"
detailed program info A15 A34
Jl Cylinder Head DC#1 and DC#2 Plots A35
- A36
Case Study Introduction A37
Case Study 1 : J2, Swirl Plane,
270 A38 - A42
Case Study 2: Jl , CenerLeft Plane,
90 A43 - A47
Case Study 3 : J2, Center Plane, 1
80 A48 - A52
Case Study 4: J2, Center Plane,
280 A53 - A57
Case Study 5 : J2, Center Plane, 1








































PIV Setup Procedure as of 7/12/2000
1 . Turn computer on and once it has booted double-click on the Flow Manager icon.
2. Go to File, New Database. Enter name and Save.
3. Go to File, New, Project, Ok(3 times).
4. Double-click on the project created and go to File, New, Setup, Ok.
5. Look under the Devices box and make sure the following are listed:
Camera 1 : 80C42 Double Image 700 camera/type 4
Laser: New Wave ResearchMinilase, with Doublelmage 700 camera
**If these are listed go to step 6, if not go to step 4.
6. Select what is in the Devices box and use the Remove button to delete those listed. If
nothing is listed or what was there has been removed, go to step 5.
7. Go to Add, Camera, Ok, and in the Select Device box choose the camera that is listed in
step 3, click Ok. Then go to Add, Laser, Ok, and in the Select Device box choose the
laser that is listed in step 3, click Ok.
8. Click on the Camera listed in the Device box. Click on Edit and under the new window
click onMode. Make sure that there is a dot in front ofAsynchronous Reset and Double
frame. Make sure that the Reset Allowed camera output is checked and BNC is set to 1 .
9. Click on the Laser listed in the Device box. Click on Edit and under the new window
click onMode. Make sure that there is a dot in front ofwindow triggered, the repetition
rate is 7.49906 Hz, and the trigger window is 1500 ps. Under theWarm-up Sequence
window there should be 10 F-periods and 5 FQ-periods. Click Ok.
10. Click on Add Processing, Cross-Correlation, Ok. Make sure there is a check or dot in
front of the following: From camera 1, Use full camera image area, 32, and Between
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successive frames (from the same camera). The following should all be set to 0: Number
of recordings to skip, Start at recording index, and horizontal and vertical distance to
second correlation area. Horizontal and Vertical overlap should be set to 25%. Under
Window Function, no window and filter should be selected. Click Ok, Ok to get back to
the New Setup window.
11. Click on Add Processing, Image Map, Ok. Make sure that From camera land Use full
camera image area are selected. Number of recordings to skip and Start at recording
index should be set to 0. Ok.
12. Click on Add Processing, ImageMap, Ok. Make sure that From camera 1 is selected.
Uncheck ifUse full camera image area is checked. Make the Image width and height 32.
Number of recordings to skip, Start at recording index, and Offset Horizontal and
Vertical should be set to 0. Ok.
13. Click on Acquisition Control located in the Processor setup and flow field description
box and then Edit. Go to the Burst start menu, set the Burst Start On to External Burst
Trigger, set the External Burst Trigger to BNC 2 and then the Triggering Edge to the
type of trigger being supplied. Note that the trigger should correspondingly be attached to
Trig 2 on the back of the PIV 2000. Make sure that Burst enable input is unchecked.
Click OK.
14. Click on Field ofView located in the Processor setup and flow field description box and
then Edit. This will bring up the Field ofView window. Click onMeasure. Place a ruler
where the laser sheet will cross and click on Grab Image. An image with the ruler
should appear and by using the left and right mouse buttons, mark a known distance on
the ruler image. Then enter the marked out distance under
Abs. distance. Click Ok, Ok.
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If on saying Ok, a warning comes up stating: "Do you wish to remove the "Scale factor
preliminary notice"?", say No.
15. Click on the Ok in the New Setup window and the setup should appear along with any
other setups created on the Flow Managers Database window.
16. To run the new setup, select the new setup with the mouse so that the title turns blue.
Then right clickwith the mouse, and left click on Run online.
17. The Experimental Online Operation window will appear. Under processing, there
should be 2 image maps and a cross-correlation listed. Number of recordings per burst
and Number of bursts should both read 1 . Under timing, the time between pulses will
change based on the flow that will be measured, light pulses per recording should read
2 and in pulses should read 15. Under Burst Start, a dot should be in front ofExternal
burst trigger. Note that this entire setup relies on a trigger from an external source to be
attached to the PIV 2000 processor. If the user wants to control when images are captured
then in step seven the dot should be placed in front of triggered and in this step under
Burst Start, a dot should be in front ofUser action from PC.
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Tips for Running Online PIV
1 . Once the PIV Setup has been performed an experiment can be run. At the Flow Managers
Database window, click on the setup that will be run so that the title turns blue. Right
click (RC) with the mouse on the setup and left click (LC) on Run Online. This will
bring up the Experimental Online Operation window.
2. Click on the Cross-correlation window. RC anywhere in this window and then LC on
Validation Box. Move the Peaks slider to 1.2. Leave the other two sliders alone for now.
3 . RC in the window again and then LC on Histogram of Peak Widths.
4. Start the flow that will be measured and press the Start button in the Experimental
Online Operation window. Two images should appear in the each of the image map
windows and vectors should appear in the cross-correlation window if everything has
been done correctly.
5. By clicking on either image map and pressing the letter T on the keyboard, the two
images will toggle back and forth. Ideally, in the smaller window, which represents one
interrogation area, 5 seeding particles should be seen. If this is not the case, more
seeding particles should be added to the flow being studied or the camera's field of view
should be made smaller. The next thing that should be looked at is that the seeding
particles total distance traveled should only be about % of the interrogation area.
This means that a seeding particle in one image
should only move about a quarter of the
image in the next picture. This can be viewed by toggling back and forth between images
and seeing if the majority of
the particles only move a quarter of the
window. The way to
change how far particles travel is by changing the time between pulses until the
%
displacement is obtained. Once the user is sure that the seeding particles are traveling
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about lA of the interrogation area, the Length slider in the validation box can be slowly
slide to 25% while watching the rejected vectors. If no more vectors are rejected than the
time step is definitely short enough, but make sure it is not too short so that the seeding
particles do not move at all.
6. Another parameter that must be observed is the Histogram of Peak Widths that should
peak around 3 and have a nice distribution that falls off to either side. This can be
accomplished by changing the CCD camera's focus and aperture.
7. The last thing that needs to be addressed is the fact that ideally when an image is obtained
and cross-correlation is performed on it, 95% of the vectors that are reported are
accepted. So for example, in the cross-correlation window the info box reports how
many vectors are rejected based on the validation box, lets say 33. By multiplying the
two vector numbers together, 15x9, the user will get the total number of vectors that are
reported in the flow field, 135, and ideally 5% of this total number should be the
maximum amount of rejected vectors or about 7. So in this example about 32% of the






Beam Dia (mm) 13 .00
g/N Test No. Fuel Pres (kPa) DVK)um DVSOum DV90um D10 D43um D32um Opt-conc
Test-4 1.00 1.07 7.11 15.71 0.869 7.89 3.19 23.34
Test-4 2.00 1.06 6.99 15.52 0.869 7 78 3.16 23.87
Test-4 3.00 1.06 7.01 15.56 0.869 7.8 3.17 24.02
Test-4 4.00 1.06 S.99 15.54 0.869 7. 78 3.16 23.94
Test-4 S.00 1.06 6.99 15.55 0.869 7.79 3.16 24.14
Test-4 S.00 1.07 7.08 15.57 0.87 7.84 3.19 23.14
Test-4 7.00 1.07 7.04 15.52 0.87 7.81 3.13 24.39
Test-4 8.00 1.0S 7.01 IS. 54 0.87 7.8 3.17 24.13
Test-4 9.00 1.07 7.07 15.55 0.87 7.85 3.19 24.60
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Each case in this portion of the appendix contains a numeric DC#'s file with the
PIV#'s. For each case, a couple ofDC#'s files are printed on the numeric page and are self
explanatory if the diagram below is refered too. It is also important to remember that ifN
files are averaged together, the outcome is N-2 subtracted files. Therefore if 20 PIV velocity
vector files are averaged together, the array that is 1 8 x 5 on the numeric data page refers to
the information from the graphical illustration of the velocity vector map that was made
averaging 20 PIV velocity vector maps together.
DC#1 DC#2 STD1 STD2 PIV#'s
: : : : PIV#1
: : : : PIV#2
PIV#3
PIV#4
Outline ofDC#'s file with PIV#'s
A37
c* v co v
n *n * -










S^- - n rv. o (N OJ










n cm o m
o cm v o
8.S5S





v o k v w 01 rt oi 6 6 v
vnncNrMfMi-cN^-*-^
vcNoiNr-in^oom^




b w n n r i

















co to - ., - w , . - *. - - _ -..





WN rtT" "~ " ~ ' ~ " *
OVrtrttMcNCM'


































































1 1 U u t
x \ \ \ \ \ x

















- - - X
\ \
. -- . ^x.
I I I I I I I I I I




^ ^ X \ \ \ \ \ \ \ \ V
--^\\ \ \ \ \ \ \ \
- ^\\ ll \ \ \ \ \
- ^ ^ \ \ \ \ \ \ '^ '.


















i / / 1 / '
-
i \ \ \ \ 1 1
\ \ \ \ \ ^ ' '
\ \ \ \ \ \ - '
\ \ \ \ \ \ 1 1
< <
\ \ \ \ \ \ v I '
\ \ \ \ \ \ -
\ \ \ \ \ \ \
\ \ \ \ \ I / /
I I
1'








/ / / //
I / /
\ / I . I
\ \ \ \ \
\ \ \
\ \ \ - <













/ / ^ s
I / S S S
I / y ^^






40 :NN\ \ A i
=
V\ V V V
-
20
:\ \ \ \ w \ \ \\\ \ \ t , , , , .
:\\\xxw\\\\ \ux
ix\x\\\\\\\ V \ \\\ \\\ \ x x
^\XX \\\\\\\\\\\\\\\\\n
10:\X\\\\N\.\\\\\ \ \ \ \ \ \ \ ^
:\\\\\<^\\\\\\\\\. \\\
I \ \ \ \ V
1 1 1 1
M 1 1
I i, 1 1 / / "
I I / / - -
\ I I / - '




I J I I I J I I I I I I I I I I I I I I I I I I I I I I I
\ \ , -
\ I I s ,
I I / / "
\ I / / /




I / / s-S
I J / ^^





g T J ". in 9 * r o rt
f* n fM oi
V D CM CD Oi in 01
O) o> to
r) S N (0 N ^
N "T K V ^
*





^ 01 ift CO
CD Ift n CM CM -
h- IN 1ft i*
<r o Oi n
g <D N N K V
,JOrMco<rfM
t *; oi s w T o
" 6 o b b
rt k K o>
o n





' n n n n nV ^ b
co n co in cm ^ co
K Z T. Z ^ -
2 52*''"*
r^'PS'N'MinococM
o b b b b b b







S i ! 2 S : t e n -n
o rt o co
o n r> rg m





- - r*. O o cm
o b b




n n n oi
ft O *r *r rg o
0) o - n
-
CM 1^ CM (D CO
vrjcoinnfMrjanrMrj
NOvTOi>-in(MeB9ioin-
^ n ? - o,-_ in n e o io
_ _ CM ^ ,
O Ul U) v - (D





W oi N N W




B N B v 8
CBKcoift-u-a^nr)
6 c b b b b ooooo
-ftr*.a-rM






V (N O CO









8m CO rt n
o m CM CM IM
1ft ift ? ?
O
rt fM CM *
o o o o o o O o O O o
r*. n
CM tD
o o o O o O O o o o
Ift ^ ID
: bot











*- - b b o b b
CO
en
Ift a- M- en rs. rg T CO CO en rg rt rt
a- CD t* r^ IN m rt _ n en rt
*- *- V rt n V o m m O r*. en CD m ID in <M CO v
CD ID f-* *e- o> r*. T O CD CO O CO r- en rg v CO CTJ
T-
CD tft
CO CO r> r r^ Ift r rg CD CO
*o-
rg rg O O en CD CO V v rt o CD O *y
N. m r rt rt r> n CM CM rg rg CM CM CM
"" *- "~ "~ - "
O O
b O o o O O O o o O O O O o O o o o O O
n
CD rt m CO rt rt co CO rt f-
._ rt rt rg rt V "T ._ tn rt ift
O fs. ift T rg rg rw CM T CD CO rsi rt rg o
5
U
ift Ift CO r^ rt ift rt rg r- r in CM O f- rt Ift CO r^ en ift O
m
O
CM CO v ? r^. rt CM o ^ o
*
rt rg rt V rt rg
M"
Ift in CO m o CO CO m r rv rt rsi "
" CO _: rv en CO r*. m ?
CR Ift r rt rt rt rt CM CM CM CM CM rg CM CM CM CM
^" "~
o O o o >
o
en
r*. ? ? *- ^ rg v r*. rt CM CM rg *. rt _ rsi
^. CD m _ V ift
en B r*. rg CO en rg in rt o rt rt rt rt rg r* m CD (M ID
rs. r v ift rg rt r*- CO "T O o rg CO o ID CO
w n in r> o ift Ift
^-
CO r ID v rt CO m rt rt o r rt f
a- : K. d m m ift ? ef ^r rt rt rt rt
rt CM rg rg rv rg rg - o







/ / / /
/ / s /
/ / / /
/ / / /
//////
/ / / /
t / / i
I i / ;
/ ' I /












V t V \l \<
\i V |









\l v\ \i \





























I I I I I
^ iJ ,hi ,i
WH
V ^ V \
\ \ \ \
\ \\\


























































t i/ v y w
W V |








,\ Ji ^ i




\ \ \ % \ \ M W \|
Ms \ \
WW











\ \ \ \\




I I I I I I I
15
I I I
























































































I ^ JW H , H\ ,
W W w ^^^^w
,:,




,N \N A ,H|
M\\\WA




^ \* o\i \H O \H0
W ^w w
1 < N ;\ ,i 1 W 0 W W




\ V 1 1





W \ \ \
\ -\ \ \ \








II I I I I I II
20
, Sw N ^ \
\ H W \ \ \
\ A \ \ W \
\ >\ > a w \
W}JJ










/ / / /
/ / / /
/ / / /


















1 1 m M 1 1 1
V V
I V
i i i i
10























































K t (M [N
*- o b b o b o
ftr-fttOOOOOOO
CD rv ID IT)
'




























o o o o
ft rv rv rv rv - o





o v o rv









%/ IX UJ i-w r-j rj SO GD rw "C CD
"Jf.CDDfflOrt'r-CinO!*)
n - n 6 ri 6 oi K ft v o in co rv m b r*. m V










b b o oooooooooooo bob o o o o o o o o
JG^SlTOOOOOOOOOOOOO
CM (O O















r\ o o c. o c . c o o it.





fM fM ft rv
a-







ftrtftrvrvrMftftfMrvrvrMa--a a-a-a a-a ^a-a- a-
)N--NO)rNna-'v"j;jNj
lOlftVDNBfttDBrn^VtNKOltV
















h I & | WW>W^ f" "' '' > V\hmW
wf If M f////*M v
'
ii / '/ v WW/ / '7 ? \ -j i i 'i ^ >
io
-
//// //- W /
/ / / / / I l //
/
- i / / / / /
W i ////---/ . - - / /x-
_z
\ \ ll / / - - / /-
5
- \ \ \ \ I /
-\ \ \ \ \ | I ---^<sr-*: k
w
- ^ \ I /
I
I I I I
I
I I I I
I
I I I I
I
I I I I
I




I I I I
I












I I I T I
5
I I I I I I I I I | I I
I I I I l.l I |
I ll I II I I 'I |
I I I I I I































w ww ww\w ;w
x v v ' '
;
Mil!:::::;;;
/ / /'// / / / / - -X ^^,.x \ |
//W
/ / / /.
/ / / /.












I / / / / / | \ \ \ x v '
- - - - s
W \ W / /////^^WA\
l|//// ///M
I / / //////
A52























ft N ffl N. O O
Pw a- ft (O
ft V V
r- N. a- o
p ft O






















































- - O O oooo o o
O) "V CO
ft ift rv id
^ R- o



























ift ft rv n ic ^ vio^rtrftrva-o
rvrvrv fM a- a- a-
i>^'jaift(rj-fMftft(\NiN'7ftcnN-^'tN
tnffliV18P0)800lOO,-OlDQ0880l"01











- / / /
s* / ^ ^ / -
- / / / / / / / S / -
_ t f f / / / 1 > > <





\ N > - - -
w
I I I I I I I I I I I I I I I I I I I
10
I I I I I I I I U I I I I I I I I I |





















/ S / / y y




I I I I I I I I I I
I I I
5
I I I I
I
I I I I
10
x> X X \ \ \ \ \ 1 1 1
\ \ \ \ \ \ \ 1 / / /
\ l 1 1 1 1 1 / / / /
1 i / / / / / / / / /




t i 1 | 1 I
/






























' Ol t N ^ O)
& 2t v >
* oi to
- rv Pa, a-
PgftCMa fM,.
r^incMrt(Mar>pawo
ft (M ft B ? V


















































































- - o o o b o o






SftftiftOOr*- o o to r>
Ts sfv0>ivOrtfN
0T,P*.iftp'-mft b r- to to
ftftftftfMfMftftfM a- a- a- a-
wOTvoo)ftravoioirjvrM^ftfflNfMin-
lDtDlDftp*.vftma-Oft'CO-'





















C V ift ft
- ~ '





i v v rt ft ift 0)
rv a-
i to r. . -






i to r. O v ft
^fMTV0)T'VTfMftaO^,'*"rt
O V k - bftrtr>.r-tDOO- O




NK(\(V- PM .ft CT. a- Pa.
V o *
- *"











0 (0 V O " ftPwPa0^'Q^ ftftftrMPVfMrvfMa-a-a-





annrvaDAOStf^ft si>avj^ ^ rv
fflrvvnr>.f'-fN
_ .. to ft to o p*. v - to
aftlftVWftlOftOICO-'
ft ift r*. (ft
0
- - - o o o
o o o o o o
rvrMftoi^rvrva-


























I I I I
\v\\\\\\\\\
\ \ \ \ \ v \ \ \ \ \
\ \ \ \ . \ \ \
\ \ \ \ N \ \ \











i i r i i i i i i i i i i i i i i i i i i i










\ \ \ \\
\ \ \ \ ^




I I I I I I I
I I
5




























\\\\\\ \ \ \ X. \ \ \\
\X\\X\\\--\\\\\\\
S N N X v \ \ \ I ' \ | | I I I
-, \ I I , / / I I I I \
\ \ \ \
oH
I I I I I -I I I I I I Ul I
S
I I I I I I I I I
10
I I I I I I I I
15
III'






















































\ \ \ \ s
\ \ \ \ ^
\ \ \ \ I
\ \ \ \ i




I I I I I I I I.
10 15 20
I I I I
mm25
A63
